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Future climate change and land-use intensification pose increasing threats to the structure 
and composition of ecological communities and the ecosystem processes associated with 
them, such as biological pest-control, decomposition or pollination. Considering the relevance 
of arthropods in regards to species and functional diversity, it is crucial to understand how 
arthropod communities will respond to combined impacts of future climate change and land-
use intensification. A large body of research has demonstrated impacts of single components 
of global change on ecosystems. Global change, however, comprises different processes that 
will affect ecosystems simultaneously and these effects may interact with each other. To fill 
this gap, I used an integrative, experimental approach to investigate how arthropod 
community composition and structure, and associated ecosystem functions respond to 
combined impacts of future climate change and land-use intensification in grassland 
ecosystems. To achieve this, I collected samples of the aboveground arthropod fauna at the 
Global Change Experimental Facility (GCEF) in Bad Lauchstädt, Germany. The GCEF is a unique, 
large-scale, controlled experiment, designed to investigate the impacts of global change on 
ecosystem processes under field conditions. The GCEF simulates a future climate change 
scenario that includes temperature warming and altered precipitation patterns. Additionally, 
the climate scenarios comprise different land-use intensity treatments, with three grassland 
systems, differing in management intensity, and two croplands. In my first chapter, I studied 
the combined effects of climate change and land-use intensity on arthropod community 
composition at the whole community level and of four trophic groups (predators, herbivores, 
detritivores, omnivores). I show that climate change and land use intensification 
simultaneously shift species composition across trophic levels. Specifically, I found that 
climate change reduced total abundance of arthropods and increased evenness of the whole 
community. At the trophic group level, climate change only affected detritivore and herbivore 
abundance and evenness. Land-use intensification reduced abundance of the whole 
community, predators and herbivores. However, land-use intensification reduced species 
richness only at the whole community level and of herbivores. Both, land-use intensification 
and climate altered species composition of the whole community and within predators, 
herbivores, and detritivores. Changes in arthropod communities as a result of climate change 
and land-use intensification will likely have profound consequences for ecosystem 
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functioning under future environmental conditions. Hence, the findings of my first chapter 
indicate strong functional changes in arthropod communities.  
To study the impacts of climate change and land-use intensification on ecosystem 
processes and the underlying structural components of arthropod communities, reliable 
individual body mass data of the arthropod samples of the GCEF were necessary. In my second 
research chapter, I present a comprehensive set of linear regressions to estimate live body 
mass using data on body length and width, taxonomy and geographic origin, based on data 
of 6212 arthropods from 19 taxonomic groups from temperate and tropical locations. I used 
live body mass, body length and width data of each individual and conducted linear 
regressions to predict live body mass. Furthermore, I quantified prediction discrepancy when 
using parameters from arthropods of a different geographic region. Incorporating body width 
into taxon- and region-specific length-mass regressions substantially increased prediction 
accuracy for live body mass.  
In my third research chapter, I studied the impacts of climate change and land-use 
intensification on ecosystem functioning and the stability of arthropod food-webs. I assessed 
community ecosystem processes and food-web stability using energy fluxes among 
consumers as indicators of ecosystem processes that are associated with trophic interactions 
in the food web, such as decomposition, pest-control or herbivory. I furthermore studied the 
response of underlying community characteristics driving these ecosystem processes. 
Specifically, I tested the response of mean body mass, biomass and community metabolism 
of the whole community and four trophic groups (predators, herbivores, detritivores and 
omnivores) to climate change and land-use intensification. I found that community 
characteristics of herbivores and detritivores were more strongly affected, with changes in 
mean body size, biomass, and community metabolism, which resulted in changes in energy 
fluxes to herbivores and detritivores. Among the trophic groups, predators were least 
susceptible to climate change and land-use intensification, as only their biomass and 
metabolism were negatively affected by land-use intensification. Despite changes in 
community characteristics of the trophic groups, community ecosystem processes and food-
web stability remained stable under climate change and land-use intensification, indicating 
that species compositional changes or shifts in functional diversity may preserve ecosystem 




Der zukünftige Klimawandel und die Intensivierung der Landnutzung stellen eine 
zunehmende Bedrohung für die Struktur und Zusammensetzung ökologischer 
Gemeinschaften und die mit ihnen verbundenen Ökosystemprozesse dar. Angesichts der 
Bedeutung von Arthropoden in Hinblick auf die Vielfalt von Arten und Funktionen, ist es 
wichtig zu verstehen, wie Arthropoden-Gemeinschaften auf eine Kombination aus 
zukünftigem Klimawandel und Landnutzungsintensivierung reagieren werden. Es gibt bereits 
viele Erkenntnisse, wie verschiedene Faktoren des globalen Wandels Ökosysteme 
beeinflussen, wobei diese allerdings zum Großteil in Isolation voneinander betrachtet 
werden. Der globale Wandel besteht jedoch aus einer Vielzahl von Prozessen, die gleichzeitig 
Ökosysteme beeinflussen und auch miteinander interagieren können. In dieser Arbeit, nutze 
ich einen experimentellen Ansatz um die Einflüsse von Klimawandel und der Intensivierung 
der Landnutzung auf Arthropoden-Gemeinschaften im Grünland zu untersuchen. Hierfür 
habe ich Proben der oberirdischen Arthropoden-Fauna auf Flächen der Global Change 
Experimental Facility (GCEF) genommen. Die GCEF bietet einzigartige, großräumige, 
kontrollierte Experimentalflächen, auf welchen die gemeinsame Wirkung von Klimawandel 
und Landnutzungsintensivierung auf Ökosysteme untersucht werden können. Auf der GCEF 
wird ein zukünftiges Klimawandel-Szenario simuliert, in welchem die Erhöhung der 
Temperatur sowie eine Veränderung des Niederschlagsmusters beinhaltet sind. Darüber 
hinaus beinhalten die Klimawandel-Flächen verschiedene Landnutzungstypen (drei Grünland-
Typen und zwei Ackertypen) um die interaktiven Effekte von Klimawandel und 
Landnutzungsintensität zu untersuchen.  
In meinem ersten Kapitel untersuchte ich den Einfluss von Klimawandel und 
Landnutzung auf die Zusammensetzung von Arthropoden-Gemeinschaften. Dies betrachte 
ich auf der Ebene der gesamten Gemeinschaft, sowie der Ebene verschiedener trophischer 
Gruppen (Prädatoren, Herbivore, Detritivore, Omnivore). Klimawandel und 
Landnutzungsintensivierung verändern die Artenzusammensetzung der Gemeinschaften 
über die verschiedenen trophischen Ebenen hinweg. Klimawandel führt zu einer Abnahme 
der Abundanz und erhöht die Evenness der gesamten Gemeinschaft, während innerhalb der 
trophischen Gruppen lediglich die Abundanz und Evenness von Detritivoren und Herbivoren 
beeinflusst wurden. Landnutzungsintensivierung führte zu einer Verminderung der Abundanz 
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innerhalb der gesamten Gemeinschaft, der Prädatoren und Herbivoren, wobei zunehmende 
Landnutzungsintensität nur in der gesamten Gemeinschaft und den Herbivoren zu einer 
Abnahme der Artenzahlen führte. Darüber hinaus konnte ich zeigen, dass das 
Zusammenwirken von Landnutzung und Klimawandel die Zusammensetzung der gesamten 
Gemeinschaft sowie die Gemeinschaften von Prädatoren, Herbivoren sowie Detritivoren 
maßgeblich beeinflusste. Die strukturellen Veränderungen der Artenzusammensetzung 
deuten auf starke funktionelle Veränderungen in Arthropoden-Gemeinschaften hin. Um zu 
untersuchen, wie sich zukünftige klimatische Bedingungen und die Intensität der 
Landnutzung auf Ökosystemprozesse auswirken, waren zuverlässige Körpermasse-Daten der 
Arthropoden meiner aufgenommenen Proben notwendig. In meinem zweiten Kapitel 
entwickelte ich Lineare Modelle, mittels derer man die lebende Körpermasse mit Hilfe der 
Körperlänge und -breite, der Taxonomie und der geographischen Herkunft von Arthropoden 
ermitteln kann. Die Regressionsparameter basieren auf Daten von 6212 Arthropoden aus 19 
taxonomischen Gruppen aus der gemäßigten als auch tropischen Region. Darüber hinaus 
quantifizierte ich die Diskrepanz der vorhergesagten Körpermasse, welche durch die 
Verwendung von Parametern einer anderen geographischen Region entsteht. Die Fähigkeit 
lebendige Körpermasse genau vorherzusagen, stieg unter der Einbeziehung der Körperbreite 
in taxon- und regionsspezifische Längen-Massen-Regressionen.  
In meinem dritten Forschungskapitel untersuchte ich die Auswirkungen des 
Klimawandels und der Intensivierung der Landnutzung auf Ökosystemprozesse und die 
Stabilität von Nahrungsnetzen. Hierfür nutzte ich Energieflüssen zwischen trophischen 
Gruppen als Indikatoren für Ökosystemprozesse, wie Zersetzung, Schädlingsbekämpfung 
oder Herbivorie. Darüber hinaus untersuchte ich den Einfluss des globalen Wandels auf 
Eigenschaften der Gemeinschaften, die diesen Ökosystemprozessen zu Grunde liegen. Die 
gewählten Eigenschaften waren die mittlere Körpermasse, die Biomasse und der 
metabolische Bedarf der gesamten Gemeinschaft und von Prädatoren, Herbivoren, 
Detritivoren und Omnivoren. In meiner Untersuchung konnte ich feststellen, dass es durch 
die Einflüsse des globalen Wandels zu Veränderungen der mittleren Körpermasse, Biomasse 
und des Metabolischen Bedarfs innerhalb der Gemeinschaften kam. Die Eigenschaften von 
Herbivoren und Detritivoren wurden am stärksten beeinflusst, was zu Veränderungen der 
Körpermasse, Biomasse und des metabolischen Bedarfs durch Klimawandel und 
Landnutzungsintensivierung führte. Prädatoren haben am schwächsten auf die Einflüsse des 
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globalen Wandels reagiert. Trotz der Veränderungen der strukturellen Eigenschaften 
innerhalb der trophischen Gruppen, wie Veränderung der Körpermassenstruktur und der 
Abnahme der Biomasse und des metabolischen Bedarfs, wurden die Ökosystemprozesse und 
die Stabilität der Nahrungsnetze durch den Klimawandel und die Intensivierung der 
Landnutzung nicht beeinträchtigt. Dies deutet darauf hin, dass durch Veränderungen in der 
Artenzusammensetzung oder durch bestimmte funktionelle Eigenschaften der auftretenden 
Arten, Ökosystemfunktionen und die Stabilität der Nahrungsnetze unter zukünftigen 
Umweltbedingungen erhalten bleiben. Die Erkenntnisse meiner Arbeit tragen dazu bei, die 
Einflüsse von Klimawandel und Landnutzung auf Arthropoden und die mit ihnen verbundenen 





























Aims and Scope 
Human impact poses increasing threats to ecosystems worldwide (Sala et al., 2000; Vitousek 
et al., 1997). Human land-use has drastically altered ecosystems and management 
intensification is continuously contributing to the loss of biodiversity (Sala et al., 2000). In 
addition to land-use, climate change is expected to become one of the biggest threats to 
ecosystems in the future (Díaz et al., 2019; Millennium Ecosystem Assessment, 2005; Thomas 
et al., 2004). By the year 2100, the mean global surface temperature is predicted to increase 
by at least 1.5 °C relative to pre-industrial levels. Changes in precipitation patterns and higher 
frequencies of extreme weather events are furthermore expected as consequences of climate 
change (IPCC, 2014). Global-change drivers can impact arthropod communities in different 
ways. These range from changes in species composition in regards of richness and abundance 
(Newbold et al., 2015; Robinson, McLaughlin, Marteinsdóttir, & O’Gorman, 2018), and 
changes in the body-size structure of communities (Simons, Weisser, & Gossner, 2016; Yvon-
Durocher, Montoya, Trimmer, & Woodward, 2011) to the provisioning of ecosystem functions 
(Schwarz et al., 2017) and the stability of food webs (Fussmann, Schwarzmüller, Brose, 
Jousset, & Rall, 2014). Only recently, drastic declines of arthropod abundance and biomass  
over the past three decades have been reported from terrestrial ecosystems (Hallmann et al., 
2017; Seibold et al., 2019; van Klink et al., 2020). Land-use intensification is hypothesized to 
be a key driver of these losses (Habel, Samways, & Schmitt, 2019; Wagner, 2020). In addition, 
recent climate change has affected ecological communities through warming and drought. 
However, climate-change impacts on ecosystems are expected to become more pronounced 
in the future (Díaz et al., 2019). Furthermore, future climate change may strongly modify land-
use impacts on ecological communities (Scherber, 2015), emphasizing demand for 
integrative, experimental approaches to test the combined effects of future climate change 
and land-use intensification on ecological communities. In this thesis, I provide experimental 
evidence for climate change and land-use effects on grassland arthropod communities, novel 
tools for data acquisition in arthropod research, and synthetic assessment of changes in 
ecosystem processes and food-web stability in response to multiple global-change drivers. 
More specifically, I demonstrate how climate change and land-use intensification 
simultaneously affect multitrophic arthropod communities in grassland ecosystems. Using 
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the experimental set-up of the Global Change Experimental Facility (see below), I study the 
response of selected arthropod community metrics to future climate change and land-use 
intensity under field conditions. Specifically, I show how arthropod community composition 
is influenced by these two global-change drivers and highlight that the response of organisms 
to global change varies across trophic levels (Chapter 1). To investigate how the body-size 
structure and ecosystem processes provided by arthropods are affected by climate change 
and land-use intensification, I develop length-mass regressions, that enable accurate 
estimates of live body-mass for arthropods, by incorporating taxonomy, geographic origin and 
body width as an additional morphological predictor (Chapter 2). Finally, aiming to 
understand how changes in arthropod communities translate into the provisioning of 
ecosystem functions and food-web stability, I use a food-web energetics approach to study 
energy fluxes through trophic networks as indicators for ecosystem processes (Barnes et al., 
2018). Using this method, I assessed the effects of climate change and land-use intensification 
on multitrophic ecosystem functioning (Chapter 3). Considered together these assessments 
provide novel insights to the response of arthropod communities and associated ecosystem 
functions to future environmental conditions. 
 
Global Change 
The term “global change” comprises different processes that are driven by human action, 
such as deforestation, pollution, agricultural land-use and climate change (Vitousek et al., 
1997). Due to the dominance of humans on our planet, the term “Anthropocene” has been 
assigned to the current geological epoch (Crutzen, 2006; Steffen et al., 2011). Human 
population is expected to reach 9 billion by 2050, which leads to increasing demand for living 
space and food. To support the growing demand for resources, humans are increasingly 
affecting ecosystems directly and indirectly (Vitousek et al., 1997). Among the drivers of 
global change, climate change and land-use have been identified as key drivers of losses of 
biodiversity and ecosystem functioning (Millennium Ecosystem Assessment, 2005; Sala et al., 






Climate change is expected to become one of the strongest drivers of biodiversity loss and it 
is expected to strongly alter ecosystems and ecological communities in the future (Díaz et al., 
2019). Since 1750, planet Earth has been exposed to increasing emissions of greenhouse 
gases due to industrialisation. This has led to an increase of the global mean surface 
temperature by 0.87 °C between 1850 and 2010. Projections of future climate include 
different scenarios of greenhouse gas emission in the future. By 2100, the surface 
temperature is expected to increase by at least 1.5 °C in comparison to pre-industrial levels 
(following the RCP 2.6 projection, with a CO2 concentration of 450 ppm). However, without 
additional mitigation, mean global surface temperature is predicted to increase up to 4.8 °C 
in comparison to pre-industrial temperatures (IPCC, 2014). In addition to rising temperatures, 
climate change is predicted to lead to a change in precipitation patterns, with an overall 
increase of rainfall. However, precipitation changes are not expected to be equally 
distributed, but some areas will have increased rainfall, while others will experience less 
rainfall (Krinner et al., 2013). Furthermore, the frequency of extreme weather events, such as 
heavy rain events or an increased intensity or frequency of drought events are predicted 
consequences of climate change.  
 
Land-use intensification 
Land use includes all human-driven changes of the land surface of our planet, including the 
intensification of management practices in human-dominated ecosystems and the 
transformation of natural or semi-natural landscapes for human use. Land-use intensification 
leads to the degradation or loss of the habitats due to mowing, the input of fertilizers, and 
other agro-chemicals (Foley et al., 2005). Around one third of Earth’s land area is covered by 
grassland ecosystems (FAOSTAT, 2003), which are characterized by a vegetation that is 
dominated by grasses and herbaceous plants. As grasslands have little or no cover of trees 
and shrubs, they can only be maintained through management techniques, such as fires, 
grazing or mowing and are therefore rarely entirely natural (Suttie, Reynolds, & Batello, 
2005). Grassland ecosystems play an important role for human well-being, as they are crucial 
for the provisioning and regulation of multiple ecosystem processes that humans depend on. 
These include cultural processes such as biomass production for feeding of livestock, 
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regulating processes as the mitigation of climate change through carbon storage and 
simultaneously they can serve as important reservoirs for terrestrial biodiversity (Bengtsson 
et al., 2019; Habel et al., 2013; O’Mara, 2012). Grasslands, however, are threatened by 
multiple global-change drivers, such as management intensification and climate change 
(FAOSTAT, 2003; Isbell et al., 2013). As the human population is expected to increase up to 9 
billion people by 2050, the demand for food is growing (FAO, 2017), which makes finding 
sustainable land-use practices one of the most pressing challenges of our time, in particular 
in regards to climate change and the loss of biodiversity. 
 
Climate change and land-use intensification – Combined effects of multiple stressors 
on arthropod communities 
Arthropods comprise the majority of all living animals in regards to species diversity and 
biomass (Wilson, 1987). They furthermore provide essential ecosystem processes, which 
contribute to human well-being, such as pollination, pest-control and decomposition (Altieri, 
1999; Barnes et al., 2018). However, human alteration of ecosystems is threatening ecological 
communities and the functions they provide (Sala et al., 2000). Climate change and land-use 
intensification are expected to become major drivers of the loss of biodiversity and ecosystem 
functioning in the future (Díaz et al., 2019; Millennium Ecosystem Assessment, 2005). The 
vast majority of studies, investigating ecosystem responses to these global change drivers 
have focused on isolated effects of climate change or land-use intensification (de Chazal & 
Rounsevell, 2009; Titeux et al., 2016). Land-use effects on ecological communities are usually 
immediate and direct, through the loss of habitat, decreasing habitat structure and 
complexity and nutrient enrichment (Foley et al., 2005; Hendrickx et al., 2007; Uchida & 
Ushimaru, 2014). Climate change can affect arthropods through direct warming impacts on 
physiological rates, and resulting shifts in the size structure and trophic interactions or 
indirectly by shifting nutrient availability in plants due to drought (Brown, Gillooly, Allen, 
Savage, & West, 2004; Hale, Bale, Pritchard, Masters, & Brown, 2003; Montoya & Raffaelli, 
2010; Ohlberger, 2013). However, multiple global-change drivers affect ecosystems 
simultaneously and there is increasing evidence that climate change and land-use effects 
interact with each other (Oliver & Morecroft, 2014; Scherber, 2015). It has been found, for 
example, that warming can change the impact of eutrophication on food-webs. While 
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warming decreases diversity in oligotrophic systems, it increases diversity in eutrophic 
systems, indicating that warming may increase species tolerance to eutrophication (Binzer, 
Guill, Brose, & Rall, 2012; Binzer, Guill, Rall, & Brose, 2016; Scherber, 2015). Furthermore, 
impacts of warming on food-web structure and stability have been found to vary under 
different nutrient supply (Binzer et al., 2016). Such findings emphasize the demand for 
integrative, experimental approaches, combining future climate change and land-use 
intensification effects in ecological research to improve our understanding of how ecosystems 
will respond to global change drivers in the future (Schädler et al., 2019).  
 
Arthropod diversity and community composition 
Human alteration and exploitation of ecosystems has led to drastic declines of biodiversity 
across taxonomic groups worldwide (Millennium Ecosystem Assessment, 2005). The term 
“biodiversity” comprises the variability of organisms, including the variability of genes, 
species, functional traits, biotic interactions, ecosystems and the evenness of their 
distribution, however it is often used synonymously with species richness (i.e. the number of 
species) (Hooper et al., 2005). Due to the multiple aspects shaping the term biodiversity, 
capturing its response to changing environmental conditions is a major challenge in ecological 
research (Pereira et al., 2013).  
In the animal kingdom, arthropods are the most diverse group of organisms, with an 
estimated species richness of 7 million species worldwide, including insects with 
approximately 5.5 million species (Stork, 2018). However, in 2017, Hallmann and colleagues 
published results on a long-term study on aerial insect biomass in nature protection areas 
across Germany. They found a decline of 76 % of flying insect biomass from 1989 to 2016 
(Hallmann et al., 2017). Surprisingly, they were not able to link the loss of insect biomass to 
the environmental variables they tested, which included climatic and land-use variables. 
However, the so called “Ecological Armageddon” has sparked debate among ecologists and 
has attracted considerable media attention (Cardoso et al., 2020; Dornelas & Daskalova, 
2020; Hallmann et al., 2017; Leather, 2018; Sánchez-Bayo & Wyckhuys, 2019). It furthermore 
led to calls for more robust data, from different geographic regions, as there is a strong bias 
towards data from Europe and North America (Thomas, Jones, & Hartley, 2019). More 
recently, a meta-analysis comprising data from 1676 sites across continents (although the 
12 
 
majority of sites were located in Europe and North-America) demonstrated changes in insect 
abundance in the past. The direction of change, however, depended on the ecosystem type. 
While aquatic insects are on average benefitting from land-use change, terrestrial arthropods 
have been found to decline over past decades due to global change drivers (van Klink et al., 
2020).  
Land-use change has been identified as one of the key drivers and most immediate 
threats for biodiversity (Habel et al., 2019; Sala et al., 2000). The intensification of land-use 
includes different management practices that directly affect the composition of arthropod 
communities. Mowing may lead to declines in abundance and arthropod species richness, due 
to the strong impacts on immobile stages of arthropods (Humbert, Ghazoul, & Walter, 2009) 
and furthermore leads to homogenisation of arthropod communities (Gossner et al., 2016). 
Reduced plant species richness and habitat complexity in the vegetation, as a consequence 
of management intensification in grasslands, affect arthropod diversity and species 
composition, due to reduced resource availability and shelter (Hendrickx et al., 2007; Weiner, 
Werner, Linsenmair, & Blüthgen, 2011). While the impact of land use is very acute and direct, 
the impact of climate change on ecosystems, is expected to become more pronounced in the 
future (Millennium Ecosystem Assessment, 2005). Climate change is expected to shift species 
ranges and phenology and thus alter species compositions in local communities (Parmesan & 
Yohe, 2003). Moreover, climate change may drive arthropod community composition 
indirectly through shifts in nutrient and water content in plants (de Sassi, Lewis, & Tylianakis, 
2012; Scherber et al., 2013). It has furthermore been shown that warming causes declines in 
local species richness and evenness, while increasing arthropod abundance (Robinson et al., 
2018). However, climate change and land-use effects may interact with each other, affecting 
ecological communities synergistically or antagonistically (Habel et al., 2019; Oliver & 
Morecroft, 2014). A combination of climate warming, higher frequency of extreme weather 
events and altered precipitation patterns may exceed tolerance thresholds of species and 
drive them locally to extinction (Deutsch et al., 2008), these impacts however may be 
modified by components of land-use. While it has been shown that warming and nitrogen 
enrichment affects community composition of herbivores (de Sassi et al., 2012), knowledge 
on how combined impacts of global change drivers affect multitrophic communities is scarce. 
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In my first research chapter, I provide experimental evidence for changes in multitrophic 
communities in response to future climate change and land-use intensification. 
 
Arthropod body size  
Body size is one of the most fundamental characteristics of living organisms and a powerful 
predictive trait in ecology. A vast range of biological characteristics of organisms scale with 
body size (Peters, 1983). These include life-history traits, such as the reproduction rate or 
home-range size of animals, as well as physiology rates, such as the metabolic rate (Bekoff, 
Diamond, & Mitton, 1981; Brown et al., 2004). At the community level, body size of organisms 
determines abundance, biomass, trophic interactions, food-web structure and stability (Brose 
et al., 2017; Kalinkat et al., 2013; White, Ernest, Kerkhoff, & Enquist, 2007). However, body 
size is highly variable within and across species, as it strongly depends on the abiotic 
conditions, organisms are exposed to (Chown & Gaston, 2010). Declining body size has been 
suggested as one of the general responses of animals to global warming (Ohlberger, 2013). 
The widely-documented declines of body size (although there are exceptions (Chown & Klok, 
2003)) can result from different mechanisms, acting at different levels of biological 
organisation. At the individual level, the temperature-size rule describes “size-at-age shifts” 
in ectotherms, which result from altered growth- and developmental rates during ontogeny 
as a response to warming (Atkinson, 1994). Organisms exposed to higher temperatures during 
development tend to grow more quickly than organisms exposed to lower temperatures, 
while the former reach smaller adult body sizes (Angilletta & Dunham, 2003). At the 
population level, shifts in the age-structure with a dominance of juveniles in the population 
may lead to observation of smaller body sizes (Daufresne, Lengfellner, & Sommer, 2009). 
Furthermore, changes in species composition towards species with lower body mass, may 
lead to shifts in the body-size structure within the community as a result of species turnover 
(Daufresne et al., 2009). However, while there has been a strong focus on warming effects on 
arthropod body size, other climate-change variables such as the impact of altered 
precipitation patterns have been largely neglected (Daufresne et al., 2009; Gardner, Peters, 
Kearney, Joseph, & Heinsohn, 2011; Ohlberger, 2013). Plant mediated drought effects, for 
example, may exacerbate the effects of warming through altered nutrient content in plant 
fluids or ameliorate warming effects through reduced plant defense and higher nutrient 
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content in plant tissue (Ewald et al., 2015). Land-use intensification can impact the body-size 
structure of arthropods through multiple practices. Mowing, for example, could shift the 
body-size structure of arthropods towards smaller organisms, as they may be less vulnerable 
to mechanical disturbance due to shorter developmental periods (Birkhofer et al., 2017; 
Simons et al., 2016). Furthermore, shifts in resource availability as a consequence of 
fertilisation are expected to affect adult arthropod size (Chown & Gaston, 2010) and may 
furthermore constrain the optimum temperature for growth and thus determine body size 
responses to warming. Moreover, increasing nutrient supply may support larger body sizes 
under warming (O’Gorman et al., 2017). Thus, fertilisation, as a common practice of land-use 
intensification may have a similar effect and potentially offset the effect of warming.  
Given the relevance of body size in ecological research, accurate and simple ways to 
assess live body mass of arthropods are essential, to improve our prediction capacities of 
ecosystem responses and management strategies in the future. A common method of 
obtaining arthropod body mass data is using published body masses of the target species. 
This approach, however, neglects individual variation of body size within a species. The most 
obvious way of measuring individual body mass is by weighing animals. Exact weighing 
provides the most accurate measurement of live body mass. Weighing a large number of 
arthropods, however, is often unfeasible, due to the requirements for exact weighing 
(constant conditions, e.g. humidity) and the difficult handling of live arthropods. In this 
context, length-mass regressions have become a powerful tool to estimate body mass based 
on measurements of body length and the application of previously established regressions  
(Gruner, 2003; Rogers, Buschbom, & Watson, 1977; Schoener, 1980; Wardhaugh, 2013). 
However, accuracy of estimated body masses largely depends on the regressions available 
and can vary substantially across taxa and geographic origin (Chown & Gaston, 2010). Finally, 
body mass of arthropods with the same body length can vary strongly, because width or 
height of organisms may differ substantially at the same body length. Hence, incorporating 
further morphological traits, such as height or width are expected to largely improve accuracy 
of estimated body masses (Caruso & Migliorini, 2009), making length-mass regressions that 
include high taxonomic resolution, geographic origin and additional morphological traits 
highly valuable in ecological research. In my second research chapter, I develop length-mass 
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regressions that enable accurate prediction of live body mass of arthropods, due to the 
incorporation of additional predictor variables.  
 
Ecosystem functioning and food-web stability 
Living organisms are connected through feeding interactions, yielding complex food-
webs within ecological communities (Paine, 1980; Pimm, Lawton, & Cohen, 1991). The 
transfer of energy within these food-webs is closely linked to ecosystem processes that are 
crucial for the supply of food, water, and oxygen, as well as cultural services, including 
recreational and spiritual services by natural systems (Yang & Gratton, 2014). Arthropods 
directly influence a large range of ecosystem processes and are important drivers of 
ecosystem functioning (Altieri, 1999; Forister, Pelton, & Black, 2019). However, global change 
threatens the provisioning of ecosystem functioning through multiple pathways (Bengtsson, 
1998). Alterations of the composition and structure of arthropod communities, as a 
consequence of combined global change drivers, may have profound consequences for 
ecosystem functioning (Allan et al., 2015; Eisenhauer et al., 2019). This may happen through 
the disruption of trophic interactions, energetic inefficiency of organisms, or the loss of 
resource species, as a consequence of species-compositional shifts, or allometric constraints 
in feeding relationships, as a result from alterations in the body-size structure (Brose et al., 
2006; Durant, Hjermann, Ottersen, & Stenseth, 2007; Fussmann et al., 2014; Vucic-Pestic, 
Ehnes, Rall, & Brose, 2011). 
A large body of research has demonstrated a positive relationship between 
biodiversity and ecosystem functioning (BEF), using controlled experimental manipulation of 
biodiversity to test species richness effects on ecosystem functioning (Cardinale et al., 2012; 
Eisenhauer et al., 2019; Hooper et al., 2005; Lefcheck et al., 2015; Tilman, Isbell, & Cowles, 
2014; Tilman et al., 1997). Dominance of species and functional complementarity among 
species are important drivers of ecosystem processes (Allan et al., 2011; Loreau et al., 2001). 
As a consequence, global-change related loss of biodiversity across multiple trophic levels is 
likely to have strong impacts on ecosystem functioning (Eisenhauer et al., 2019).  
Changes of the body-size structure and associated shifts in metabolism, as a 
consequence of global change, are expected to alter trophic-interaction strength and thus 
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affect the provisioning of ecosystem processes and food-web stability (Barnes et al., 2014; 
Gillooly, Brown, West, Savage, & Charnov, 2001; Rall et al., 2012). However, susceptibility to 
global-change drivers varies across trophic levels (Voigt et al., 2003; Voigt, Perner, & Hefin 
Jones, 2007). For instance, bottom-up effects of plant diversity are strongest for herbivores, 
while the impact decreases with increasing trophic level (Scherber et al., 2010). Warming has 
been found to affect predators most strongly, and may lead to extinction of predators due to 
energetic inefficiency (Fussmann et al., 2014; Vucic-Pestic et al., 2011). However, warming 
effects on predators have been found to both, stabilize food-webs (Fussmann et al., 2014) or 
destabilise trophic interactions (Binzer et al., 2012). These contradicting responses depend 
on additional environmental variables. Combining climate change scenarios with 
eutrophication can shift the response of food-webs to climate change, as warming increasing 
the tolerance to eutrophication (Binzer et al., 2012, 2016; O’Gorman et al., 2017). In light of 
the loss of biodiversity and corresponding changes in community composition and functional 
diversity, it is crucial to understand how ecosystem functioning and food-web stability will 
respond to future global change.  
Assessing ecosystem functions can be achieved using different approaches. Direct 
assessments, such as, for example, measuring predation rates by using plasticine caterpillar 
dummies or decomposition rates through the use of the bait-lamina-test in soils can be used 
to determine ecosystem processes (Meyer, Koch, & Weisser, 2015). However, the complexity 
of real food-webs is challenging such direct approaches. In complex multitrophic 
communities, the flows of material and energy can thus be used as indicators for ecosystem 
functioning (Barnes et al., 2018). The “food-web energetics approach” can be used to 
calculate energy fluxes as indicators for ecosystem processes, without direct measurement of 
feeding interactions and thus allows to study complex multitrophic ecosystem functioning 
along environmental gradients (Barnes et al., 2018; Gauzens et al., 2019). By assigning a 
network topology (who feeds on whom: trophic interactions between trophic nodes), 
metabolism of a trophic node (sum of the individual metabolic rates within a node) and 
assimilation efficiencies based on the resource node (how much of the consumed resource is 
conversed into consumer biomass), energy fluxes can be quantified through the food web 





Global Change Experimental Facility 
The Global Change Experimental Facility (GCEF) is a large-scale field experiment, that is 
designed to study the combined effects of future climate change and land-use intensification 
on ecosystems. The GCEF was established in 2014 and is part of the research station of the 
Helmholtz-Centre for Environmental Research. The study site is located in Bad Lauchstädt, 
Saxony-Anhalt, Germany and it is influenced by sub-continental climate, with a mean annual 
temperature of 9.7 °C and mean rainfall of 525 mm between 1993 and 2013 (Schädler et al., 
2019). The experimental set-up is arranged in a split-plot design, with 10 climate units as main 
plots, comparing current and future climatic conditions, with five main plots per climatic 
condition (Figure 1). The future climate treatment simulates the climate predicted for this 
region for the period 2070-2100, which has been described to be on average 2 °C warmer, 
with altered precipitation patterns, with drier summer and wetter spring and fall 
(www.regionaler-klimaatlas.de). Climate manipulation is achieved by the implementation of 
steel constructions, that include roofs and side panels at the eastern and western side of the 
subplots (height of 5.50 m), which are closed at night. This common method for passively 
increasing the surface temperature has led to an average mean temperature increase by 0.55 
°C. The roofs are furthermore used for the manipulation of the precipitation, which reduces 
the rainfall between June and August by 20 % and increases the rainfall by 10 % in spring from 
March until May, and in fall from September until November (Schädler et al., 2019). 
Each main plot encompasses five subplots, which were randomly assigned to five 
different land-use treatments. These include conventional farming, organic farming, 
intensively used grassland, extensively used grassland managed by mowing and extensive 
pasture. Due to the significance of grasslands for arthropod diversity in the temperate region 
and in light of the multiple stressors affecting these ecosystems, I selected the intensive and 
extensive grasslands, both managed by mowing, of the GCEF as a suitable study system to 
investigate land-use intensification effects on arthropod communities.  
The differences in management intensity of the two grassland types include the 
composition and species richness of sown plant communities, mowing frequency and the 
application of fertiliser. In the extensively used grasslands (low intensity), 56 plant species 
were sown initially with 14 grass species, 10 legumes and 32 other herb species, comprising 
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a species rich grassland with typical plant species from the regional species pool and it is 
mown twice per year, starting in late spring and no fertilisers are applied. The intensively used 
grassland (high intensity), on the other hand, only has five sown grass species, and no legumes 
or herbs were sown. Moderate mineral NPK fertiliser is applied every year in the beginning of 
the growing period and after each cut. Mowing frequency reaches up to four cuts per year 
(Schädler et al., 2019). In my research chapters I will refer to the land-use treatments as “high 
land-use intensity” for the intensively used grasslands and “low land-use intensity” for the 
extensively used grasslands. 
 
 
Figure 1: Aerial view on experimental units of the Global Change Experimental Facility  
(Foto: André Künzelmann/UFZ). In the front on the right-hand side, there is a climate 
change unit and on the left-hand side there is a control unit, which is exposed to 




Research chapter outline 
In light of the unprecedented ongoing biodiversity loss, it is crucial to understand how 
changing environmental conditions affect arthropod communities. In this thesis, I aim to 
improve our understanding of how future climate change and land-use intensification 
simultaneously affect arthropod communities and associated ecosystem processes. To study 
the combined effects of climate change and land-use intensity in grassland ecosystems on 
aboveground arthropod communities, I used the experimental set-up of the Global Change 
Experimental Facility in Bad Lauchstädt, Germany. In my first research chapter, I demonstrate 
that climate change and land-use intensification affect the abundance, diversity and the 
composition of arthropod communities. I furthermore show that the effects of global change 
are not equal across trophic groups, as some trophic groups are more susceptible to changing 
environmental conditions than others. This does in particular concern herbivores and 
detritivores. These trophic groups are vital for the provisioning of ecosystem processes, such 
as decomposition of organic matter and the energy transfer from primary producers to higher 
trophic level (Eisenhauer, Hörsch, Moeser, & Scheu, 2010; Scherber et al., 2010). Changes in 
diversity and community composition across trophic groups are expected to affect ecosystem 
functioning in a changing world, raising concerns of how future climate change and land-use 
intensification affect multitrophic ecosystem functioning. To answer this question, it is crucial 
to enable accurate individual live body mass estimation in large arthropod samples, to include 
intraspecific variability of organisms from different habitats. In my second research chapter,  
I thus aim to simplify and improve the assessment of live body mass of arthropods, as it is one 
of the key traits of animals that determines a wide range of biological properties. I use a 
dataset of live body mass, body length and body width data of arthropods from temperate 
and tropical origin to develop length-mass regressions for an accurate estimation of live body 
mass for 19 taxonomic groups and two geographical regions. I show, that the accuracy of 
body-mass prediction strongly depends on the selected length-mass regressions, in regards 
to geographic origin and taxonomic group. Building on the results of my first and second 
research chapter, I aimed to quantify how the compositional changes in arthropod 
communities translate into the provisioning of ecosystem processes under future 
environmental conditions. Furthermore, I wanted to investigate how stability of arthropod 
communities is affected by simultaneous climate change and land-use intensification. In my 
third research chapter, I investigate how ecosystem processes and food-web stability are 
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influenced by combined climate change and land-use effects and the response of underlying 
structural properties of ecological communities. I demonstrate that community ecosystem 
functioning and food-web stability remain robust under future climate change and land-use 
intensification despite changes in community structure. The research chapters of my thesis 
contribute novel insights to the responses of aboveground arthropod communities to future 
environmental conditions. These insights help to understand the mechanisms driving losses 
of arthropod diversity and provide understanding of how we can mitigate arthropod decline 
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Climate change and land-use intensification pose increasing threats to biodiversity, with  
climate change expected to eventually surpass other global environmental change drivers and 
become the greatest threat to biodiversity in the future. Understanding the combined 
ecological impacts of multiple global change drivers is crucial to predict future scenarios of 
biodiversity change. However, experimental evidence for the impacts of land-use 
intensification under current and future climate scenarios is lacking, even though this is 
imperative for understanding future trajectories of biodiversity in agricultural landscapes. We 
experimentally tested for the simultaneous effects of land-use intensification and climate 
change on arthropod biodiversity in a field-scale grassland experiment known as the Global 
Change Experimental Facility (GCEF). Specifically, we tested whether future scenarios of 
climate change are likely to exacerbate impacts of land-use intensification on arthropod 
diversity and abundance across different trophic levels by sampling aboveground arthropod 
communities in low and high land-use intensity grasslands under current and future climatic 
conditions. We found that climate change reduced total abundances of arthropods and 
increased evenness of the whole community, and while only having trophic level-specific 
effects on detritivore abundance and evenness. Land-use intensification reduced abundance 
of the whole community, predators and herbivores under current and future climate 
scenarios, but only eroded species richness of the whole community and herbivores, with the 
magnitude of declines in community abundance and species richness depending on the 
climate scenario. Additionally, both land-use intensification and climate altered species 
composition of the whole community and within the predator, herbivore, and detritivore 
trophic levels. We show that climate change and land use intensification cause simultaneous 
shifts in arthropod abundance, species richness, and species composition across trophic 
levels. Changes in arthropod communities as a result of climate change and land-use 
intensification will likely have profound consequences for ecosystem functioning under future 
environmental conditions. 
 
Keywords: Agricultural intensification, climate change, drought, insects, invertebrates, land-




Multiple drivers of environmental change pose increasingly significant threats to biodiversity 
throughout the Earth’s ecosystems (Fischer et al., 2018; Sala et al., 2000; Vitousek, 1994). 
Land-use intensification, in particular, is considered to be one of the largest of these threats 
(Fischer et al., 2018) due to its widespread and dramatic impacts on biodiversity at local and 
landscape scales (Ekroos et al., 2020; Gossner et al., 2016; Newbold et al., 2015). In grassland 
ecosystems, processes such as mowing, and input of fertilizers play a particularly strong role 
in reducing arthropod abundance and diversity (Ekroos et al., 2020; Humbert, Ghazoul, 
Sauter, & Walter, 2010). While land-use intensification may currently pose the greatest and 
most acute environmental threats, climate change is expected to eventually surpass other 
global environmental change drivers and become the greatest threat to biodiversity in the 
future (Millennium Ecosystem Assessment, 2005).  
In this century, mean surface temperatures are expected to increase by at least 1.5 °C 
to 4.8 °C compared to preindustrial levels as a result of human activities, depending on 
greenhouse gas concentrations in the atmosphere (IPCC, 2014). Shifts in global precipitation 
regimes are also expected which, in combination with warming, will lead to more frequent 
drought events and continue to intensify threats to global biodiversity (Tilman & El Haddi, 
1992). These global change drivers, however, are unlikely to have independent effects on 
ecosystems. Instead, it is crucial to consider interactions between global change effects, such 
as climate change and land-use, to understand the synergistic or antagonistic effects these 
drivers may have on ecological communities (Binzer, Guill, Rall, & Brose, 2016; Oliver & 
Morecroft, 2014). Indeed, the combination of changing climate with land-use intensification 
could potentially explain the suspected dramatic decline in insect biodiversity over  the last 
decades, but experimental evidence is crucial to identify the drivers of these observed 
changes in arthropod densities (Dormann et al., 2008; Hallmann et al., 2017; Soroye, 
Newbold, & Kerr, 2020). Such drastic changes most likely lead to shifts in trophic interaction 
strengths (Rall, Vucic-Pestic, Ehnes, Emmerson, & Brose, 2009; Walther et al., 2002), which 
can cause trophic cascades (Jochum, Schneider, Crowe, Brose, & O’Gorman, 2012) that alter 
community structure across multiple trophic levels and result in changes to energy fluxes that 
underpin ecosystem functions and services (Barnes et al., 2018; Brose et al., 2012).  
24 
 
Community composition, which can be characterized by different components such as 
species richness, community abundance, and evenness, is strongly linked to ecosystem 
functioning (Barnes et al., 2018; Hooper et al., 2005; Soliveres et al., 2016). These components 
can, therefore, be used as indicators of ecosystem responses to global environmental 
changes. In particular, diverse arthropod communities provide a variety of ecosystem 
functions that contribute to the supply of ecosystem services and are therefore highly 
beneficial for humans (Barnes et al., 2018; Cardinale et al., 2012; Chapin et al., 2000). These 
include processes regulating food security or soil fertility through pollination, natural pest 
control, and decomposition (Altieri, 1999; Doran & Zeiss, 2000; Kremen et al., 2007; von Berg, 
Thies, Tscharntke, & Scheu, 2009). Thus, human-driven changes to arthropod communities 
can have profound consequences for ecosystem functioning (Hooper et al., 2005; Oliver et 
al., 2015). 
Recent studies have documented alarming declines of arthropods over the past 
decades (Hallmann et al., 2017; Leather, 2018; Seibold et al., 2019; van Klink et al., 2020), 
though there is still considerable debate over the validity and generality of these worrying 
trends. In German nature-protection areas, for example, a decrease of 76 % of flying insect 
biomass over the last three decades has been observed. Despite testing for the effects of 
multiple potential underlying drivers including climate, land-use cover and habitat type, 
Hallmann et al. (2017) were unable to identify which of those drivers was predominantly 
responsible for the reported decline in insect biomass. There is considerable evidence from 
space-for-time studies and time-series studies that arthropod declines are linked to land-use 
intensification, (including shifts in habitat structure, plant-diversity and fertilizer use) and also 
some evidence for negative impacts of climate change (Dormann et al., 2008; Ekroos et al., 
2020; Gossner et al., 2016; Hendrickx et al., 2007; Seibold et al., 2019). Additionally, 
organisms from different trophic levels may respond differently to global change drivers 
(Dormann et al., 2008) and thus the processes linked to these groups, such as decomposition 
or pest-control, may follow similar patterns. However, fully experimental tests of combined 
land-use intensification and climate change impacts on arthropod communities are lacking, 
but are imperative if we are to understand and predict the future consequences of these 
combined global change drivers for arthropod biodiversity. 
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To determine whether future scenarios of climate change are likely to exacerbate 
impacts of land-use intensification on arthropod communities (Mantyka-Pringle et al., 2015; 
Oliver & Morecroft, 2014) spanning multiple trophic levels, we test for responses in 
abundance, species richness, evenness and community composition to land-use 
intensification under current and future climatic conditions. To do so, we use an agricultural 
field-scale global change experimental facility in Germany, which was established in 2014 (the 
GCEF; Schädler et al., 2019). Our experimental set-up within the GCEF was designed to 
investigate the combined effects of climate change and land-use intensification on 
agroecosystems by simulating a future climate change scenario under field conditions and 
land-use intensification by incorporating different land-use intensity plots into the climate 
treatment, using a split-plot design. 
 
Materials and Methods 
Study Site 
We used the experimental set-up of the Global Change Experimental Facility (GCEF) in Bad 
Lauchstädt, Saxony-Anhalt, Germany. The area is characterized by sub-continental climate, 
with a mean annual temperature of 9.7°C (1993–2013) and mean annual precipitation of 525 
mm (1993–2013) (Schädler et al., 2019). The GCEF consists of ten experimental units (80 × 24 
m), where each is covered by a steel frame. Five of the experimental units are influenced by 
current climatic conditions where the steel frame only serves as a control for climate 
manipulation. The remaining five units are influenced by a future climate change treatment  
whereby the walls and roof are added to the steel frames and are closed overnight. In doing 
so, this effectively results in a passive temperature increase of the daily mean temperature 
by 0.55 °C and also manipulates precipitation patterns. In spring and autumn, the quantity of 
rain is increased by ca. 10 %, and the summer precipitation is reduced by ca. 20 %. The climate 
change treatment is based on the climatic conditions projected for central Germany in 2070-




Within each of the current (control) and climate change manipulation units, five 
different land-use intensity treatments are applied (16 × 24 m). For this study, we only used 
plots of i) low intensity managed grasslands and ii) high intensity managed grassland (see 
Concept Figure 1). While both land-use treatments were managed by mowing, the two land-
use treatments differed in their initial sown plant species richness, mowing regime, and  
fertilizer use. The high intensity managed grassland had five sown grass species, were mown 
four times per year (with the first mowing in April), and were moderately fertilized. In 
contrast, the low intensity managed grassland had 56 plant species sown initially, were mown 
two times per year (with the first mowing in June), and had no fertilizers applied (see Schädler 
et al. (2019) for more details). 
 
Figure 1: Aerial view of the experimental units of the GCEF showing two of the climate 
units with their five land-use treatments. The arthropod communities within the 
experimental units of the GCEF (small boxes) are assembled through colonisation from 
the regional species pool (large box) which is influenced by current climatic conditions. 




Sampling and Species Identification 
In order to sample as many species as possible despite different phenologies across the 
growing season, arthropods were sampled four times in total, in April, May, early July and late 
July of 2017. We collected all invertebrates in a sampling cage with a volume of 0.25 m3 using 
a suction sampler (EcoVac, ecoTech Umwelt Meßsysteme). The entire cage was exhaustively 
sampled (i.e. ground vegetation and flying arthropods) for approximately one minute until no 
more arthropods were visible in the cage. Organisms were then stored in a cooling box for 
transport to the laboratory where they were first stored at -20 °C and then transferred into 
70 % ethanol.  
 
Species and trophic group identification  
All arthropods were first sorted to order level, of which five major taxonomic groups 
(Araneae, Auchenorrhyncha, Coleoptera, Diptera, and Hymenoptera) were further identified 
to family, genus, or species level when possible by specialist taxonomists (see 
Acknowledgements). To quantify the effect of climate change and land-use intensity on 
arthropod abundance and diversity, we quantified abundance (defined here as individuals per 
4 temporal samples of 0.25 m3), observed species richness (i.e., the total number of unique 
species collected per 4 temporal samples of 0.25 m3), expected species richness using the 
jackknife2-estimator (accounting for possible undersampling of the communities), and 
species evenness as response variables. Evenness was calculated with the Evar index (Smith & 
Wilson, 1996), as this evenness index is independent of species richness. In order to quantify 
the changes in relative abundances and composition of arthropod communities between the 
climate change and land-use intensity treatments, we assessed the dissimilarity of 
communities among treatments using the “metaMDS” function from the vegan package using 
the Bray-Curtis Dissimilarity index. 
In addition to the whole community response, we tested the effect of climate change 
and land-use intensification on different trophic groups. Therefore, all individuals of the five 
taxonomic groups and Thysanoptera and Sternorrhyncha were ascribed to trophic groups. 
The selected trophic groups were predators (arthropods that consume or parasitize animals), 
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herbivores (arthropods that consume or parasitize plant tissues or fluids), omnivores 
(arthropods that feed on different trophic levels, such as animals, plant material or dead 
organic matter) and detritivores (arthropods that consume dead organic matter). Literature 
was searched for ascribing trophic groups to species, genus, family or orders of arthropods, 
with the highest possible taxonomic resolution. When information on the trophic group of a 
species was available, this information was used. When only genus-level information was 
available this information was used and when only family-level information of the trophic 
level was available, this information was used for individuals of the family (see Table S1 for 
more information).  
 
Statistical Analysis 
The goal of this study was to investigate the interactive effects of climate change (current 
versus future) and land-use intensification (low vs. high-intensity grassland) on various 
aspects of community structure (species richness, abundance, evenness, community 
composition). We performed all statistical analyses for the whole community (including all 
individuals, irrespective of the trophic group) and for each of the four trophic groups, 
separately. 
We used generalized linear models to analyze the effects of climate change and land-
use intensification on abundance and species richness using a Quasi-Poisson error-
distribution and on evenness using a Gaussian error distribution. We first constructed additive 
models using climate and land-use intensity as predictors to assess overall climate and land-
use effects. We then constructed models with land-use intensity nested within climate 
(climate/land-use) to test individual effects of land-use intensification under each climate 
scenario, and finally as an interaction model (climate*land-use) to test for the significance of 
the climate*land use interaction. The nested model and the interaction model are equivalent 
in the sense that both have the same number of degrees of freedom and yield identical 
predictions. 
To determine the effects of climate change and land-use intensification on 
dissimilarity in species composition, we applied a permutational multivariate analysis of 
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variance (PERMANOVA) using the ‘adonis’ function in the ‘vegan’ package, where we tested 
the effects of climate change and land-use intensification on the dissimilarity of arthropod 
communities based on Bray-Curtis dissimilarity. All statistical analyses were performed using 
R version 3.5.2 (2018-12-20 “Eggshell Igloo”). 
 
Results 
We collected a total of 12,899 arthropods comprising 289 species from the five investigated 
taxonomic groups, Araneae (spiders) with 1,037 individuals, Auchenorrhyncha (leafhoppers) 
with 2,640 individuals, Coleoptera (beetles) with 2,137 individuals, Diptera (flies) with 1,429 
individuals and Hymenoptera with 2,640 individuals. The highest species number was found 
for beetles with 141 species, followed by flies (84 species), spiders (30 species), leafhoppers 
(24 species), and Hymenoptera with 10 species and 95 families (the majority of Hymenoptera 
were identified only to family level). Of the whole community, 12,293 individuals were 
categorized into trophic groups. Herbivores were the most abundant group, with 7,113 
individuals and 165 species. Predators were the second most abundant group with 2,750 
individuals and 75 species, followed by omnivores with 1,705 individuals and 24 species. 
Detritivores were the least abundant group in our sampling with 725 individuals and 22 
species (for more details see Table S1 in the supporting information). 
 
 
Whole-community responses to climate change and land-use intensification  
We found varying effects of climate change and land-use intensification on abundance, 
species richness, and evenness of arthropod communities in the Global Change Experimental 
Facility. The abundance of the whole arthropod community was negatively affected by both 
climate change and land-use intensification. Under future climatic conditions, we found an 
average decrease of 20.5 % from current climatic conditions. While the overall effects of land-
use intensification were also negative, their magnitude depended on the climate change 
scenario; land-use intensification drove a decrease of 41.25 % of arthropod abundance under 
current climatic conditions, compared with a decrease of 31.13 % under future climatic 
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conditions, although this difference was not statistically significant (Table 1; Figure 2A). In 
contrast to abundance, arthropod species richness was significantly affected only by land-use 
intensity, for which we found an average 17 % and 22 % reduction in arthropod species 
richness with land-use intensification under current and future climatic conditions, 
respectively (Table 1, Figure 2B). In addition to observed species richness, we found that 
expected species richness followed the same response to land-use intensification (Figure S1). 
Community evenness was only significantly affected by climate change, where we found an 
average increase in evenness from 0.483 under current climatic conditions to 0.555 under 
future climatic conditions (Table 1, Figure 2C). As this result appeared rather counterintuitive, 
we analyzed rank abundance curves for both climate treatments to determine the cause of 
this positive response, which revealed that the abundances of dominant species were strongly 
reduced with climate change (Figure S2). This resulted in a more even distribution of 
abundance across species, hence notable dominance by one or a few species was lower in the 




Figure 2: Abundance, species richness and evenness of the whole community across 
climate change and land-use intensity treatments. The upper line indicates statistical  
differences between climates and the lower between land-use types within climate 
treatments. Asterisks indicate significant differences between treatments (*** refers 
to p < 0.001, ** refers to 0.001 < p <0.01. * refers to 0.01 < p < 0.05). Colours correspond 
to land-use intensity treatments, with green representing low intensity managed 
grasslands and orange representing high intensity managed grasslands.  
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Table 1: Estimates, Standard Error and p-values from the general linear models with 
whole-community abundance, species richness, and evenness as response variables 
and climate treatment (“Current” vs. “Future”), land -use (LU) treatment (low intensity 
managed grassland vs. high intensity managed grassland) and their interaction as 
predictors. Results are shown from the additive model (Climate + LU), the nested 
model (Climate / LU), and the interactive model (Climate * LU). Significant p-values 




Effects of climate change and land-use intensification on trophic groups  
We tested how climate change and land-use intensity affect abundance, species richness, and 
evenness of four major trophic groups found in aboveground central European grassland 
arthropod communities: predators, herbivores, omnivores and detritivores. Consistent with 
the whole arthropod community, we found that the abundance of predatory and herbivorous 
arthropods decreased with land-use intensification. From the low to high-intensity land-use 
treatments, predator community abundance decreased by 45.22 % under current climatic  
and 32.5 % under future climatic conditions (Table S2, Figure 3A) and, similarly, herbivore 
abundance decreased by 42.04 % under current climate and 40.50 % under future climatic 
conditions with land-use intensification (Table S2, Figure 3B). Interestingly, the response of 
predator and herbivore abundance to land-use intensification was stronger than that of the 
whole-community, indicating that trophic level modulates arthropod responses to land-use 
intensification. For omnivores we did not detect an effect of climate change and land-use 
intensification on abundance, which suggests that their abundance is relatively resilient to 
the simulated global change drivers (Table S2, Figure 3C). In contrast, detritivores were the 
only group where we found a main effect of climate change on abundance, whereby 
detritivore community abundance decreased on average by 49.59 % from current to future 
climate conditions. Interestingly, effects of land-use intensification on detritivore 
communities were only found under current climatic conditions, such that abundance was 
reduced by 55.69 %, on average, from low to high-intensity land use treatments (Table S2, 
Figure 3D).  
Of all four trophic groups, herbivores had the highest species richness with 165 species 
in total. However, we found an impact of one of the global change drivers on species richness 
of herbivores and detritivores. In particular, land use intensification reduced herbivore 
species richness by 25.4 % under current climatic conditions and 34.9 % under future climatic 
conditions (Table S3, Figure 3F), while detritivore species richness was reduced on average by 
21 % by changing climatic conditions (Table S3, Figure 3H). Furthermore, we found that 
detritivore evenness increased significantly from the current to future climate scenario and 
as well as for herbivores. In contrast, land-use intensification had no discernable influence on 
herbivore evenness (Table S4, Figure 3J). While detritivore evenness showed a significant 
increase with land-use intensification under current climatic conditions (Table S4, Fig. 3L), 
33 
 
predator and omnivore evenness were not affected by either of the global change drivers 
(Table S4, Figure 3I & K). Of particular note, omnivores appeared to be completely unaffected 
by both global change drivers, as we found no significant shifts in abundance, species richness, 
or evenness. 
 
Figure 3: Abundance, species richness and evenness of predators, herbivores, 
omnivores and detritivores across climate change and land-use intensity treatments. 
Asterisks indicate significance between different treatments  (***, **. *, .). Colours 
correspond to land-use intensity treatments, with green representing low intensity 
managed grasslands and orange representing high intensity managed grasslands.  
 
Shifts in community dissimilarity 
Finally, we tested how community dissimilarity was affected by climate change and land-use 
intensification. We found that community dissimilarity was significantly affected by both 
climate change and land-use intensification (Figure 4A), though effects of land-use 
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intensification were clearly stronger than effects of climate change for the overall arthropod 
communities. In particular, relative abundances of species varied more strongly between 
land-use intensity treatments. While significant differences in community composition 
between current and future climate treatments were also found, these differences were 
negligible in comparison to those found in response to land-use intensity (Table 2, Figure 4A). 
Hence, communities sampled from the same land-use type but different climatic conditions 
were more similar than communities from different land-use intensities and different climate 
treatments. Consistent with the community-level shifts in species’ relative abundances, the 
composition of predators, herbivores and detritivores were also significantly affected by 
climate change and land-use intensification (Figure 4B, C&D). The whole community and the 
herbivore community dissimilarity showed very similar patterns, as they were particularly 
strongly affected by land-use intensification with especially distinct communities in low 
versus high-land use intensity plots, but only small differences between climate treatments 
(Figure 4A & C). Similarly, predator and detritivore communities also varied significantly 
across land-use intensities and climate treatments, though land use was, again, the most 
important driver of compositional dissimilarity (Figure 4B & D). Consistent with the other 
metrics describing communities, the only exception were omnivores, where we did not find 





Figure 4: Bray-Curtis community dissimilarity of the whole community (A) and of the 
four major trophic groups, predators (B), herbivores (C), detritivores (D), and 
omnivores (E). Orange polygons surround communities from high intensity grasslands 
and green polygons surround communities from low intensity grasslands. Solid and 




Table 2: R2 and p-values of permutational analysis of variance of Bray-Curtis 
dissimilarity in dependence of climate treatment and land-use intensity under 
different climate scenarios. Significant p-values are highlighted in bold. 
 Community Predators Herbivores Omnivores Detritivores 
 R2 (p-value) R2 (p-value) R2 (p-value) R2 (p-value) R2 (p-value) 
Climate 0.08 (0.004) 0.08 (0.004) 0.06 (0.004) 0.02 (0.208) 0.12 (0.020) 
Land Use 0.42 (0.002) 0.13 (0.002) 0.52 (0.002) 0.17 (0.079) 0.17 (0.002) 
Climate × 
Land Use 






By applying interacting treatments of climate change and land-use intensification in a field-
scale experimental grassland system, our study provides evidence that future impacts of land-
use intensification on arthropod communities will be influenced by climate change. Under 
current and future climatic conditions, the intensification of land-use caused a strong decline 
in arthropod abundance, which lends support to the notion that land-use intensification is 
likely to be one of the major drivers of insect declines (Hallmann et al., 2017; Seibold et al., 
2019). Furthermore, we found significant declines in the species richness of whole arthropod 
communities and herbivores. Thus, under current trajectories of climate change and land-use 
intensification, future agroecosystems are likely to be characterized by significantly reduced 
abundance and species richness of arthropod predators, herbivores and detritivores, 
suggesting that associated ecosystem functions may become threatened as a consequence. 
The observed decreases in arthropod abundances of the whole community and the 
detritivores with climate change could be caused by energetic inefficiency, due to stronger 
increases of metabolism in comparison to the increase in feeding rates (Vucic-Pestic, Ehnes, 
Rall, & Brose, 2011). This can eventually result in the starvation of organisms, which leads to 
population decreases as a consequence of climate warming (Fussmann, Schwarzmüller, 
Brose, Jousset, & Rall, 2014; Rall et al., 2009). In contrast, in empirical studies temperature 
increases have been demonstrated to lead to higher arthropod abundances (de Sassi, Lewis, 
& Tylianakis, 2012; Robinson, McLaughlin, Marteinsdóttir, & O’Gorman, 2018). However, the 
observed positive effects of warming in these studies were mainly plant-mediated, where 
shifts in the plant community as a result of warming increased arthropod abundance. In our 
experiment, unlike many past warming experiments, the climate change treatment combined 
a temperature and precipitation manipulation to simulate the multi-faceted nature of climate 
change (IPCC, 2014). Therefore, it is possible that the drought effect of the climate treatment 
in our experiment drove the decrease in arthropod abundance, either directly by water stress 
or indirectly through plant-mediated drought effects that affect the availability and quality of 
resources for arthropod communities (Huberty & Denno, 2004). However, due to the multi-
faceted nature of our climate change treatment, we are not able to disentangle the partial 
effects of temperature and drought in this study.  
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The abundance of the whole community as well as those of the predators and 
herbivores decreased with land-use intensification under both current and future climatic 
conditions. However, the magnitude of arthropod declines varied between the climate 
scenarios, with a stronger mean percentage decrease in abundance under current climatic 
conditions. Here, climate change appeared to limit the maximum abundance of arthropods in 
low-intensity land use plots due to drought and higher temperatures, which therefore 
constrained the potential response of arthropods to land-use intensification. Hence, 
arthropod communities that generally benefit from less intensive management practices 
show lower abundances under future climate. Altogether, this indicates that low-intensity 
systems that may act as refuges for biodiversity, particularly with regards to sensitive species 
(Öckinger & Smith, 2006) that are likely to be especially vulnerable under future climate 
scenarios. 
Arthropod abundance is strongly linked to resource availability and habitat 
heterogeneity, thus habitats with higher plant diversity increase arthropod abundance (Borer, 
Seabloom, & Tilman, 2012; Lichtenberg et al., 2017; Tews et al., 2004). Furthermore, 
increased mowing should largely strengthen mechanical stress on arthropods and thus 
negatively affect abundance, as supported by our results (Humbert et al., 2010). This effect is 
particularly strong on foliage-dwelling arthropods, like herbivores, where we see a strong 
decline in abundance with land-use intensification. Plant-mediated changes in herbivore 
abundance can indirectly affect higher trophic levels, which can explain the decrease of 
predator abundance in addition to mechanical damage through mowing. In general, more 
intense land-use management strongly decreases arthropod abundance, which may 
negatively impact further components of ecological communities. 
As arthropod abundance is typically positively correlated with species richness 
(Schuldt et al., 2019), we expected to find similar patterns of species richness in response to 
the two global change drivers as for abundance. Indeed, species richness of the whole-
community and herbivores decreased with land-use intensification, but was not affected by 
climate change. Although the abundance of predators and detritivores were negatively 
affected by land-use intensification, there was no effect on species richness. There is strong 
empirical evidence that herbivore species richness is driven by plant diversity (Borer et al., 
2012; Knops et al., 1999). In particular specialist herbivores may be limited by the presence 
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or absence of their resource plant (Koricheva, Mulder, Schmid, Joshi, & Huss-Danell, 2000) 
and, therefore, plant diversity can limit consumer diversity. Furthermore, habitats with higher 
plant diversity generate a more heterogeneous habitat structure, which promotes arthropod 
diversity (Schuldt et al., 2019; Thomas & Marshall, 1999). However, in a grassland plant 
diversity experiment, the effect of plant species richness on animal species richness was 
shown to decrease with increasing trophic level, with predators exhibiting weaker responses 
to changing plant diversity than herbivores (Scherber et al., 2010). In addition to changes in 
plant diversity, mowing intensity was another component of land-use intensification included 
in our experimental treatments. Increased mowing frequency in the intensively used 
grasslands may also be a driver of decreasing arthropod diversity through direct mechanical 
habitat destruction and damage to the arthropods (Humbert et al., 2010; Klaus et al., 2013). 
This effect is particularly strong for foliage-dwelling arthropods that directly rely on 
vegetation structure for resources and refugia (Humbert et al., 2010). Furthermore, the 
timing of the first mowing event plays an important role for the arthropod community; 
mowing in early spring, which was done in intensively used grasslands, affects the less mobile 
stages of insects inhabiting the vegetation more strongly, which can explain a reduction of 
population size and diversity (van Klink et al., 2019).  
As environmental change likely filters for species with certain functional traits (de Sassi 
et al., 2012), we expected a decrease in evenness with global change, with increasing 
dominance of certain species that benefit from the environmental conditions caused by land-
use intensification or climate change. Surprisingly, we found that evenness increases with 
climate change and we found no effect of land-use intensification on the evenness of the 
whole community. These changes in evenness are likely caused by the loss of individuals of 
the dominant species, as we found strong declines in dominant species with high abundances 
under current climatic conditions. These dominant species play an important role in 
ecosystem functioning, as the dominant species tend to contribute strongly to the flow of 
energy in the community (Hillebrand, Bennett, & Cadotte, 2008). Under stable environmental 
conditions, low evenness within a community can lead to higher productivity of the system, 
as species that are well adapted to certain conditions dominate the community. However, 
under changing environmental conditions, such as climate change or land-use intensification, 
higher evenness can become beneficial due to the higher capacity to adapt to the new 
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conditions (Norberg et al., 2001). Surprisingly, detritivores were the only trophic group that 
showed changes in their evenness with climate change and with land-use intensification 
under current climatic conditions. This is mainly due to the reduction of the population sizes 
of dominant species, which were highly abundant under current climatic conditions in low-
intensity grasslands and had low abundances in intensive grasslands and future climate in 
both grassland systems. 
In real-world ecosystems that will be increasingly influenced by climate change and 
land-use intensification simultaneously, mechanisms such as eco-evolutionary processes and 
adaptations, range shifts, and species invasion will strongly impact ecological communities 
(Scheffers et al., 2016) and may alter them in a manner which we were not able to cover here. 
Due to the experimental design of the Global Change Experimental Facility, we cannot include 
these important aspects of changing ecosystems. The habitats of the GCEF can only be 
colonized by arthropods from the surrounding species pool, which is shaped by past and 
current climate (see Figure 1). However, it allows us to study, how ecological communities 
formed by species adapted to current climatic conditions could potentially perform under 
different land-use intensities and climate scenarios. We anticipate that the effects shown in 
our study may be even stronger under future conditions as the ecological filtering of local 
communities that we address will have a feedback effect on the species pool. 
Overall, the composition of arthropod communities was influenced by both climate 
change and land-use intensification. Predator, herbivore, and detritivore community 
composition showed the same patterns as the whole community in response to climate 
change and land-use intensification, with a consistently stronger influence of land-use 
intensification. Here, land-use intensification affected both the abundance and presence of 
species. In particular, different environmental conditions favour different species, which likely 
drove turnover from species that benefited from low land-use intensity to species that 
benefited from or could persist in high land-use intensity systems, as well as from those that 
benefited from current versus future climatic conditions. Furthermore, changes in the relative 
abundance of species (without species turnover) could have also driven the observed 
dissimilarity among communities, whereby certain species’ abundances responded negatively 
or positively to changing environmental conditions. In contrast to herbivores, predators, and 
detritivores that all exhibited significant shifts in community composition, omnivores showed 
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no responses in community composition, species richness, or abundance to the experimental 
global change drivers investigated in this study. The resistance of omnivores to climate and 
land-use impacts supports the hypothesis that most climate-change and land-use effects may 
be driven by resource availability, because omnivores are better able to switch among 
different resources and thus compensate for rarity or loss of certain resource components 
(Coll & Guershon, 2002).  
We show that under current climatic conditions, land-use intensification strongly 
impacts arthropod species richness, community abundance, and composition. In the future, 
however, agroecosystems are projected to experience a combination of climate change and 
further intensification of land use. While climate change, alone, reduces abundances of 
arthropods and increases evenness, we show that climate change and land-use intensification 
cause simultaneous shifts in arthropod abundance, species richness, and species composition, 
which will likely have profound consequences for ecosystem functioning (Cardinale et al., 
2006). One of the major challenges of our time is to ensure food security while promoting 
functioning ecological communities in a changing world (Tscharntke et al., 2012). Under 
future climate scenarios, reducing intensive land-use practices will be imperative to maintain 
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Climate change and land-use intensification are posing increasing threats to biodiversity and 
alter the composition of naturally assembled arthropod communities. Drastic changes in 
species composition, biomass and body-size structure as a consequence of changing 
environmental conditions threaten the provisioning of important ecosystem functions, such 
as, pest-control or decomposition. Furthermore, species loss and shifts of the relative 
abundance of species within communities can have profound effects on the underlying food-
web structure, by altering trophic interactions and thus impair ecosystem processes and 
network stability. However, climate change and land-use intensification will not affect 
ecosystems in isolation, and these two drivers may interact with each other. It is therefore 
crucial to consider the combined effects of climate change and land-use intensification on 
ecosystem processes and food-web stability to enhance predictions of ecological impacts 
under scenarios of multiple global change drivers. We aimed to quantify the impacts of climate 
change and land-use intensification on ecosystem processes and stability in arthropod food-
webs using a food web energetic approach. To understand what are the mechanisms driving 
these responses we further investigated the changes of the mean body mass, biomass and 
metabolism of the whole community and of four different trophic guilds. We found that 
community characteristics of herbivores and detritivores were most strongly affected, with 
changes in mean body size, biomass, community metabolism and energy fluxes. Among the 
trophic guilds, predators were least susceptible to climate change and land-use intensification, 
as only their biomass and metabolism were negatively affected by land-use intensification and 
there were no effects of climate change and land-use intensification on energy fluxes to 
predators. Despite changes in community characteristics within trophic guilds, community 
ecosystem processes and food-web stability were robust to climate change and land-use 
intensification.  
 







Global biodiversity is threatened by drastic changes in habitats and environmental conditions 
through human impact (Hill et al., 2018; Chapin et al., 2000). In the past, land-use 
intensification has been one of the strongest drivers of biodiversity loss and the reduction of 
biomass and abundance of animals (Barnes et al., 2014; Newbold et al., 2016; Potts et al., 
2010). In the future, climate change is expected to become the largest threat to biodiversity 
by shifting species ranges, phenology and increasing the frequency of disturbance through 
extreme weather events, such as droughts (IPCC, 2014; Parmesan & Yohe, 2003). Both climate 
change and land-use intensification, are significantly altering the composition of naturally 
assembled arthropod communities (Birkhofer, Smith, Weisser, Wolters, & Gossner, 2015; 
Gossner et al., 2016; Haddad, Haarstad, & Tilman, 2000; Koltz, Schmidt, & Høye, 2018). Such 
changes threaten the provisioning of important ecosystem functions (Lefcheck et al., 2015; 
Tilman, Isbell, & Cowles, 2014), such as, for example, pest-control, pollination or 
decomposition (Eisenhauer, Bonn, & Guerra, 2019). 
Land-use intensification has been found to reduce arthropod diversity and biomass 
across different ecosystem types, including forests, cropland and grassland ecosystems 
(Barnes et al., 2014; Blüthgen et al., 2016; Gossner et al., 2016; Hendrickx et al., 2007; 
Tscharntke, Klein, Kruess, Steffan-Dewenter, & Thies, 2005). Management intensity of 
agricultural landscapes strongly determines diversity, as well as the biomass and abundance 
of higher trophic levels (Ekroos et al., 2020; Humbert, Ghazoul, & Walter, 2009). Species loss 
and shifts of the relative abundance of species within communities can have profound effects 
on the underlying food-web structure, altering trophic interactions and thus impair ecosystem 
processes and network stability (Brose et al., 2017; Duffy et al., 2007; Thébault & Loreau,  
2005). Changes in the abundance of trophic guilds and shifts in overall composition could 
largely alter community metabolism and the representation of functional groups carrying out 
various ecosystem processes (Barnes et al., 2018). Furthermore, based on the known positive 
relationship between biodiversity and ecosystem functioning, declining biodiversity as a 
consequence of land-use intensification will likely reduce the provisioning of ecosystem 
processes (Allan et al., 2015; Cardinale et al., 2012; Eisenhauer, Schielzeth, et al., 2019; Hooper 
et al., 2005). 
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Climate change is also expected to affect food webs through multiple ways. Warmer 
temperatures lead to shifts in the body-size structure of ecological communities towards 
smaller organisms, as warming favours smaller body sizes (Daufresne, Lengfellner, & Sommer, 
2009; Gardner, Peters, Kearney, Joseph, & Heinsohn, 2011; Yvon-Durocher, Montoya, 
Trimmer, & Woodward, 2011), which can have strong cascading effects on biomasses across 
trophic levels (Jochum, Schneider, Crowe, Brose, & O’Gorman, 2012). It is also well known that 
biological rates scale with temperature, leading to higher metabolic rates under warmer 
conditions (Brown, Gillooly, Allen, Savage, & West, 2004; Vucic-Pestic, Ehnes, Rall, & Brose, 
2011), which would result in increased energetic demands of communities (Lang, Ehnes, 
Brose, & Rall, 2017). All of these mechanisms affect community metabolism (i.e. the sum over 
all individual metabolic rates of the community), as metabolic rates scale with individual body 
size, where smaller organisms tend to have lower per-capita, but higher mass-specific 
metabolic rates. Due to the community as a whole being unable to meet increased metabolic 
demands at warmer temperatures, warming can furthermore lead to an overall decrease in 
the biomass of the community. Reduced overall biomass as a consequence of reduced 
individual body sizes, however, would lower metabolism within communities (Brown et al., 
2004). Multiple studies have demonstrated that climate warming could destabilize 
communities due to higher feeding interaction strength (Rall, Vucic-Pestic, Ehnes, Emmerson, 
& Brose, 2009; Vasseur & McCann, 2005; Vucic-Pestic et al., 2011). More recently it has been 
shown that the increase in feeding rates may not match the increase of metabolic demand 
with warming, resulting in energetic inefficiency of consumers that could stabilize predator-
prey dynamics at the risk of predator starvation and extinction (Fussmann, Schwarzmüller, 
Brose, Jousset, & Rall, 2014). There is general consensus that the effects of climate change will 
not be equal across trophic levels, as higher trophic levels— which play a key role in regulating 
lower trophic levels and species co-existence (Thakur, Künne, Griffin, & Eisenhauer, 2017)— 
are more likely to be severely affected by warming (Binzer, Guill, Rall, & Brose, 2016; Petchey, 
McPhearson, Casey, & Morin, 1999). These pervasive and widespread effects on energetic 
demands in food webs are likely to cause significant shifts in fluxes of matter and energy and 
to reduce network stability. 
Ecological communities will not be affected by climate change and land use in isolation, 
as climate change can modify impacts of land-use intensification and vice versa (Oliver & 
Morecroft, 2014). It is therefore crucial to consider the combined effects of these multiple 
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global change drivers on ecosystem processes and food-web stability to enhance predictions 
of ecological impacts under scenarios of multiple drivers of change. For example, fertilisation 
has been shown to counteract the effects of warming on food webs, whereby nutrient 
enrichment reduces the risk of starvation of higher trophic levels and can stabilize or 
destabilize communities (Binzer, Guill, Brose, & Rall, 2012). Furthermore, increasing nutrient 
supply can sustain larger body sizes under warming, thereby changing effects of warming on 
metabolic demand and the flux of energy through the food web (O’Gorman et al., 2017). These 
studies demonstrate that the consequences of rising temperatures for food-web structure and 
stability depend on environmental context (such as latitude, nutrient availability and land-use 
type (Binzer et al., 2016; De Vries et al., 2012; Gauzens, Rall, Mendonça, Vinagre, & Brose, 
2020; O’Gorman et al., 2017), which is rendering studies of interactions between global 
change stressors crucially important (Schädler et al., 2019). 
Only few studies have explored the combined effects of multiple global change 
stressors in terrestrial ecosystems on ecosystem functioning and food-web structure (Binzer 
et al., 2012, 2016; Crain, Kroeker, & Halpern, 2008; D. Vinebrooke et al., 2004; O’Gorman, 
Fitch, & Crowe, 2012; Rillig et al., 2019; Schwarz et al., 2017). Our aim is to quantify the 
impacts of climate change and land-use intensification as two simultaneously acting stressors 
on ecosystem processes and stability in above-ground arthropod food-webs. Furthermore, we 
aim to identify the mechanisms driving these changes in ecosystem properties. To assess 
global change impacts on ecosystem processes, we take a food web energetics approach 
where we utilise energy flux among consumers as indicators of ecosystem processes that are 
associated with links in the food-web, such as decomposition, pest-control or herbivory 
(Barnes et al., 2018). Using this method on food-webs sampled from a large-scale 
experimental facility, that includes different land-use types crossed with a climate change 
treatment, we estimate responses in energy fluxes to different global change scenarios across 
nodes in a food-web by incorporating information on network topology, energetic demand 
and assimilation efficiency. More specifically, we test how a combination of climate change 
and land-use intensification affect the body-size structure, overall biomass and community 
metabolism of aboveground arthropod communities. We also investigate the effects of 
climate change and land-use intensification on energy fluxes among trophic levels and on 
food-web stability. By combining experimental manipulations of climate and land use under 
field conditions with a food web energetics approach, this study improves our understanding 
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of how ecosystem processes and the stability of food webs will respond to future 
perturbations in a changing world. 
 
Material and Methods 
Study Site  
To study the combined effects of climate change and land-use intensification, we used the 
experimental design of the Global Change Experimental Facility (GCEF), a high-end, long-term 
field experimental facility, set up in 2014 and located in Bad Lauchstädt, Saxony-Anhalt, 
Germany. The GCEF comprises ten units, that are subjected to climate treatments (80 × 24 m). 
The climate change treatment is applied by a steel construction (height = 5 .50 m), which has 
additional roofs and walls, that close during night to reach a passive temperature increase. 
The roofs and a sprinkling system furthermore are used for the manipulation of the 
precipitation patterns, based on the prediction of climate change in the temperate region in 
2080. The rainfall is increased by 10 % in spring and fall using the sprinkling system and 
reduced by 20 % during summer by closing the roofs during rain events. The current climate 
units (control units) are also covered by the steel construction to control for microclimatic 
effects of the construction. All climate units comprise five different land-use types: 
conventional farming, organic farming, high intensity grassland (mown), low intensity 
grasslands (mown) and low intensity grasslands (grazed). For this study, we only used high 
intensity grasslands and low intensity grasslands (both managed by mowing). The land-use 
treatments differ in the starting date of the mowing season and the frequency of mowing, the 
number of initially sown plant species and the use of fertilizers. The low intensity managed 
grassland is higher in plant species richness (56 sown plant species), is mown only twice per 
year with the first mowing end of May. In the high intensity managed grassland, only five plant 
species were sown initially and the mowing season starts in April with four mowing events in 
2017. While there is no application of fertilizers in the low intensity grasslands, fertilizers 
(potassium, nitrogen and phosphate fertilizers) are applied in the high intensity grasslands  





Sampling, species Identification and body size measurement 
Aboveground arthropods were sampled on the 31st of July of 2017. To quantitatively sample 
arthropod communities, we used a sampling cage with 0.25 cm2 ground surface and 1 m 
height. We collected arthropods using a suction sampler (EcoVac, ecoTech Umwelt 
Meßsysteme). The entire cage was sampled (i.e. ground vegetation and flying arthropods) for 
approximately one minute, and until no more arthropods were visible in the cage. Organisms 
were then stored in a cooling box for transport to the laboratory where they were first stored 
at -20 °C and then transferred into 70 % ethanol. Organisms were sorted at the order level 
and then identified to higher taxonomic resolution by taxonomists. The taxonomic 
information was used to ascribe (1) trophic levels to all individuals, based on literature search 
and (2) to calculate taxon-specific metabolic rates (Ehnes, Rall, & Brose, 2011). All organisms 
were measured for their full body length and, when possible body width using an ocular 
micrometer to 0.01 mm accuracy. We measured body length and body width (without 
appendages) to estimate body mass using length-mass regressions for temperate arthropods 
(Sohlström et al., 2018), see Table S1 and Table S2 in supporting information for more details.  
 
Calculations of metabolic rates and assimilation efficiencies 
Metabolic rates for each individual were calculated using equations derived from Ehnes 
(2011): 




here I is the metabolic rate in J h-1 and a is the allometric exponent. And assimilation efficiency 
for the consumption of animal resources was calculated using the following equation derived 
from (Lang et al., 2017): 




 where ε is the assimilation efficiency. In both equations i is the normalization factor, M [mg] 
is the fresh body mass, E is the activation energy, k is the Boltzmann constant and T is the 
temperature [K] of July 2017 of the plots that food webs were sampled from, to account for 
temperature dependency of metabolic rates (for details see SI Table S3). 
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Calculation of energy fluxes and stability measures 
Prior to calculating energy fluxes, we constructed a meta food-web, that included all 26 
trophic groups, which were present in the samples taken at the GCEF. The network topology 
was based on published networks (Hines et al., 2019), which includes all trophic groups and 
plants and detritus as basal resources (see Table S4 for details). The full network was then 
used to create plot-specific networks, that only include the trophic groups that were present 
in the respective samples. We used the statistical software R (R Core Team, 2015) and the 
“fluxweb”-package (Gauzens et al., 2019) to calculate energy fluxes and network stability. 
Energy fluxes are calculated from top-down. The “fluxing”-function was used to calculate 
fluxes to each trophic group, which are nodes of the food web. The function incorporated the 
network topology, the group’s assimilation efficiency, summed metabolic rates of each 
individual of the group, loss through predation and feeding preferences based on the resource 
biomass to estimate the flow of energy to the group. The models base on the assumption, that 
populations are at equilibrium density. Hence, all energy that is lost from a node (through 
metabolism or predation) needs to be balanced by consumption from lower trophic levels. 
The energy fluxes are calculated from top-down, assuming that top predators have no losses 
through predation. The flux of energy Fij from resource i to consumer j was calculated as: 
∑𝑒𝑖
𝑖
𝐹𝑖𝑗 = ⁡𝑋𝑗 +⁡∑𝑊𝑗𝑘𝐹𝑗𝑘
𝑘
 
where eiFij is the amount of energy received by species i because of the predation on species 
j and losses through assimilation efficiencies eating prey j ei. Xj is the total metabolic rate of 
species j. Wij is the preference of consumer j over resource i, which is assumed to scale to the 





where wij is the biomass independent preference of j over i. For carnivore species we assume 
that preferences are equally distributed amongst prey species. For omnivore species, we 
chose w values in order to obtain preferences equally distributed amongst animal, plant and 




Calculation of food-web stability 
We used resilience as a measure of food-web stability, calculated using the Jacobian matrix of 
the generalized Lotka Volterra equations associated to each food web (Gauzens et al. 2019). 
Resilience value of a food web was defined as the real part of the dominant eigenvalue of its 
















The aim of our study was to investigate how climate change and land-use intensification 
interactively affect food-web characteristics and ecosystem processes. We used a set of linear 
models to test the effect of several predictors on mean body mass, biomass, community 
metabolism, and energy fluxes at the food-web level and at the trophic-level as response 
variables (predators, herbivores, detritivores, omnivores): (1) climate change and (2) land use 
as single predictors (3) a combination of climate and land use to test their interactive effect, 
and (4) a null model. We used model comparison using Akaike’s Information Criterion (AIC) to 
identify the best fitting model(s) using a threshold of 2 Δ AIC units, all models within this delta 
AIC range from the lowest-AIC were treated as equal, and their results are discussed 
accordingly (Table 1). Due to the experimental design of the GCEF, where the land-use 
treatment is spatially included in the climate treatment, we used linear models with the land-
use variable nested within the climate variable as the full model. All statistical analyses were 







We sampled aboveground arthropod food-webs at the Global Change Experimental Facility, 
to test how climate change and land-use intensification affect energy fluxes and the 
underlying components of community structure that control the flow of energy in food webs. 
We collected 4,433 arthropods, consisting of 26 trophic groups in total (see table S1 and table 
S4 in the supporting information for details). Within these 26 trophic groups, four groups were 
exclusively feeding on detritus (characterized as detritivores), nine groups were only feeding 
on plants and therefore characterized as herbivores, seven groups were only feeding on 
animal resource (predators) and six groups were characterized as omnivores, feeding on a 
combination between detritus, plants and animal resources. Live body masses of the collected 
organisms ranged between 0.0009 mg (Hymenoptera) of the smallest organism and 233.56 
mg (Orthoptera) for the largest organism.  
Using an information criterion approach, we found that mean body mass of the whole-
community and of predators was best described by the null model, indicating that there was 
no response of mean body mass to climate change or land-use intensification, the models 
including only land-use and only climate effects were less than two AIC values different, thus 
they cannot be rejected (Table 1). The model with the lowest AIC for herbivore and omnivore 
body mass included only land-use intensity as the predictor. Herbivore mean body mass was 
reduced by land-use intensification on average by 23.5 % and omnivore body mass decrease 
by on average by 13.5 % (Figure 2a). However, herbivore bodymass was equally well fitted 
with the null-model and omnivore body mass was equally well fitted with the full model (Δ 
AIC < 2, Table 1). Detritivore body mass, however, was best described by the model accounting 
for an interaction between climate scenario and land-use intensification. Specifically, climate 
change alone led to an increase by 5.8 % (Table 1, Figure 1a), whereas land-use intensification 
drove a decrease in detritivore body mass by 1 % under current climatic conditions and an 
increase by 69 % under future climatic conditions (Table 1, Figure 2a). The land-use model 
described detritivore body mass equally well. 
Variation in biomass of the whole community, predators and herbivores was best 
explained by models including land-use intensification (Table 1). On average, community 
biomass decreased by 37 %, predator biomass was reduced by 53 % and herbivore biomass 
was reduced by 34.5 %, all independently of the different climate scenarios (Figure 2b). In 
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contrast, omnivore biomass was best described by the null model, indicating that both climate 
and land-use intensification had little notable effects on omnivore biomass. Detritivore 
biomass was best described by the full model, with a reduction of detritivore biomass by 72 
% with climate change (Figure 1b), and decreasing detritivore biomass by 66 % under current 
climatic conditions and by 53.5 % under future climatic conditions (Figure 2b).  
As expected, based on the observed responses in mean body mass and biomass of 
arthropod communities, considerable variation in community metabolism of whole 
communities and of detritivores were explained by the climate treatment and land-use 
intensification. In particular, community metabolism was 26 % lower for whole communities 
and 73.5 % lower for detritivores under the future climate scenario (Figure 1c). Under current 
climatic conditions, metabolism decreased by 35 % at the whole community level and by 72 
% for detritivores with land-use intensification. Under future climatic conditions there was a 
reduction of community metabolism by 37 % for the whole-community and by 55 % of 
detritivores with land-use intensification (Figure 2c). Community metabolism of predators and 
herbivores was only affected by land-use intensification. Predator community metabolism 
was reduced by 23.5 % and herbivore community metabolsim was reduced by 34.5 % through 
the impacts of land-use intensification. Omnivore metabolism was affected by climate change, 
with a decrease of 28 % of community metabolism under future climatic conditions, although 
the null-model cannot be rejected (Table 1, Figure 1c). 
The varying shifts in body size, biomass and community metabolism in response to 
climate and land use resulted in a range of changes in energy flux throughout the arthropod 
food webs. For example, under the future climate scenario energy flux to herbivores was 
reduced by 25 % and energy flux to detritivores by 27 % (Table 1, Figure 3a), indicating that 
less energy from primary producers is transferred to higher trophic levels under future climatic 
conditions. Energy flux to detritivores was furthermore reduced through land-use 
intensification, with a decrease of 59 % from low to high land-use intensity treatments (Table 
1, Figure 3b). However, overall summed energy fluxes through the entire food webs were not 
affected by climate change and land-use intensification, indicating that whole-food-web 
energy flux remains constant across treatment combinations. Finally, stability of food-webs 
did not change with climate change and land-use intensification, indicating that food-webs 
are resilient to pertubations under high land-use intensity and future climatic conditions 




Figure 1: Effects of climate change on live body mass, biomass and community 
metabolism of arthropod communities and feeding guilds. The mean (± SE, n =  5) (a) 
body mass, (b) biomass and (c) community metabolism of the whole community (black 
points) and each of the trophic guilds (differently coloured points) for each treatment 
combination of high and low management intensity under current and future climat e. 
Solid lines indicate that climate was included in the model with lowest AIC value , 
dashed lines indicate that there was no effect in the lowest AIC model. 
 
Figure 2: Effects of land-use intensity in dependence of climate treatment on average 
live body mass, biomass and community metabolism of arthropod communities and 
feeding guilds. The mean (± SE, n = 5) (a) body mass, (b) biomass and (c) community 
metabolism of the whole community (black points) and each of the trophic guilds 
(differently coloured points) for each treatment combination of high and low 
management intensity under current and future climate. Solid lines indicate that land-
use was included in the model with lowest AIC value, while dashed lines indicate that 




Figure 3: Effects of climate change and land-use intensity on energy fluxes among 
consumers in arthropod communities. Energy fluxes are calculated as (J/0.25 m3). The 
mean (± SE, n = 5) energy flux of the whole community (black points) and to each 
trophic level (differently coloured points) under climate change (panel a) and for e ach 
treatment combination of high and low management intensity under current and 
future climatic conditions (panel b). Solid lines indicate that climate or land -use were 
included in the model with lowest AIC value, while dashed lines indicate that they wer e 



















Figure 4: Effects of climate change and land-use intensification on food-web stability. 
The mean (± SE, n = 5) food-web stability for each treatment combination of high and 
low management intensity under current and future climatic conditions. Dashed lines 













Table 1: AIC values of linear models testing the effects of climate change and land-use 
intensity on mean body mass, biomass, community metabolism and energy fluxes. The 
“full” model includes the interaction between climate change and land -use 
intensification, “climate” includes climate change alone, “lui” includes land -use 
intensity alone and “null” includes no effect of climate change and land -use intensity. 
Bold indicates lowest AIC value. Comm. refers to whole community responses, Pred. 
refers to responses of predators, Herb. refers to responses of herbivores, Detri. Refers 
to responses of detritivores, Omni. Refers to responses of omnivores.  
















































































































































































We used a large-scale field experiment to test the combined effects of climate change and 
land-use intensification on components of community structure (average body size, biomass 
and community metabolism), ecosystem processes (energy fluxes to different trophic guilds) 
(Barnes et al., 2018) and food-web stability (Gauzens et al., 2019). In general, community 
characteristics of herbivores and detritivores were affected the strongest, with changes in 
mean body size, biomass, community metabolism and energy fluxes. Among the trophic 
guilds, predators were least susceptible to climate change and land-use intensification, as 
only their biomass and metabolism were negatively affected by land-use intensification and 
there were no effects of climate change or land-use intensification on energy fluxes to 
predators. Arthropods carry out a large range of ecosystem processes, which are crucial for 
supporting and providing a number of valuable ecosystem services (Eisenhauer, Bonn, et al., 
2019; Wilson, 1987). Human-induced environmental changes, such as land-use 
intensification, have strongly compromised the provisioning of ecosystem services in the past 
and, in the future, climate change is likely to become one of the most prevalent threats to 
continued provisioning of these natural benefits (Díaz et al., 2019). In light of ongoing global 
change, understanding how a combination of different stressors affect ecosystem functioning 
has become one of the most pressing challenges for ecologists (Rillig et al., 2019). 
Furthermore, higher frequencies of extreme weather events and increasing land-use intensity 
to meet future food demands will increase ecological disturbance (Díaz et al., 2019). 
Therefore, it is important to understand how the function and structure of food webs respond 
to these stressors and what the consequences will be for their resilience to future 
perturbations. Empirical evidence suggests, that body size of animals is expected to decrease 
with warming (Daufresne et al., 2009; Gardner et al., 2011; Ohlberger, 2013). In our 
experiment, however, we found that detritivore body size increases with climate change and 
land-use intensification. Most commonly, when climate change effects on the body-size 
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structure of animals are studied, there is a strong focus on isolated temperature effects, 
rather than a more realistic combination of different aspects of climate change (Daufresne et 
al., 2009), which was included in our experiment. For example, drought and altered water 
availability are important consequences of climate change, that can affect the performance 
of arthropods and thus lead to altered body-size structure (Scheirs & De Bruyn, 2005). Water 
stress has been shown to increase nutrient content in plants and reduce secondary plant 
defences, which could support growth of arthropods (Hale, Bale, Pritchard, Masters, & Brown, 
2003). Such changes in resource quality could potentially offset expected effects of warming 
on body size (O’Gorman et al., 2017). At the whole-community level, we found no effect of 
climate change and land-use intensification on the body-size structure in the lowest AIC 
model. Further nutrient enrichment due to fertilization of high intensity grassland systems 
could play a large role in the context of climate change. For example, a combination of  
fertilisation, varying water stress (high water availability in spring and fall, low water 
availability in summer) and increasing temperature could further increase the nutrient 
content in plants and detritus and thus lead to an increase in average consumer body size of 
consumers (O’Gorman et al., 2017). Herbivores and omnivores showed the opposite response 
to land-use intensification, with slight decreases in mean body size, which may result from 
the increased mowing frequency in high-intensity grasslands. Smaller organisms tend to have 
shorter reproduction periods, thus their development periods are less likely to be disrupted 
in their development through mowing (Simons, Weisser, & Gossner, 2016).  
Although, there was an increase in mean body size of detritivores with climate change, 
we found that detritivore biomass declined with climate change. Under future climatic 
conditions, only 32.5 % of the individual number of detritivores were found in comparison to 
current climatic conditions, resulting in a strong decline in biomass. Land-use intensification 
reduced the biomass of the whole-community and all trophic levels, except for omnivores 
This corresponds with declining abundances of arthropods under high land-use intensity in 
the GCEF (see research chapter one). The loss of biomass may furthermore be intensified by 
declining mean body mass of herbivores, which was the group with the highest overall 
abundance. Surprisingly, we found that climate change reduced community metabolism 
although, according to the metabolic theory, individual metabolic rates are expected to 
increase with warming (Brown et al., 2004). Increasing mean body mass or decreasing 
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biomass could explain reduced community metabolism. However, we did not find changes in 
the overall body-size structure or biomass in the whole community with climate change. 
Hence, changes of the taxonomic composition may be responsible for changing community 
metabolism, as we used taxon-specific equations to calculate individual metabolic rates 
(Ehnes et al., 2011). 
Higher trophic levels have been found to be particularly susceptible to climate change 
(Petchey et al., 1999). As a consequence, ecosystem processes such as pest-control are 
expected to be most strongly compromised under changing environmental conditions 
(Eisenhauer, Schielzeth, et al., 2019; Hines et al., 2015). However, while energy fluxes to 
predators remained unaffected in our experiment, energy fluxes to herbivores were 
negatively affected by climate change, and additionally, detritivory was reduced by land-use 
intensification. This indicates, that climate change and land-use intensification effects at the 
consumer level might be strongly plant-mediated. These effects include reduced habitat 
complexity, diversity of resource species, shifts in the nutrient content of plants or 
digestibility of detritus due to drought (de Sassi, Lewis, & Tylianakis, 2012; Franzke & 
Reinhold, 2011; Hendrickx et al., 2007; Huberty & Denno, 2004; Makkonen et al., 2012; Walter 
et al., 2012). However, global change drivers may alter ecosystem functioning through 
multiple pathways, for example by altering arthropod community composition, biomass or 
functional traits, such as body size (Birkhofer et al., 2015; Cardinale et al., 2006; Jochum et 
al., 2012). Despite the changes in biomass and metabolism of the whole-community with 
climate change and land-use intensification, the total energy fluxes in the community were 
not affected by the global change drivers in our experiment. Furthermore, food-web stability 
was not affected by climate change and land-use intensification, as was indicated by a 
previous study (Schwarz et al., 2017), although warming has been found to affect trophic 
interaction strength (Rall et al., 2012), which is an important driver of food-web stability 
(McCann, Hastings, & Huxel, 1998).  
Our results suggest that the energetic structure of the community and food-web 
stability may be maintained through the complementary responses of herbivores and 
detritivores to climate change and land-use intensification in our experiment, with reduced 
herbivory under changing climate and reduced detritivory with land-use intensification. 
Furthermore, higher mobility of predatory species might be a potential mechanism, which 
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allows to maintain energy in the system despite local loss of predators. Furthermore, the 
majority of omnivores in our experiments are combining animal resources with other 
resources (i.e., animals and detritus or animals and plants). Thus, omnivorous feeding on 
animal resources could balance changes in predator biomass. 
All observed changes in our experiment indicate, that aboveground herbivores and 
detritivores are most susceptible to the two addressed global change stressors, in comparison 
to other feeding guilds. Herbivores are vital components of food-webs, as they transfer 
energy from primary producers to higher trophic levels. Declining herbivory can potentially 
have strong bottom-up effects that cascade to higher trophic levels (Bowler, Heldbjerg, Fox, 
Jong, & Böhning‐Gaese, 2019). Under future environmental conditions, decomposition is 
expected to be strongly compromised, although overall fluxes and the stability of the whole 
food-web did not change with climate change or land-use intensification. It has been shown, 
that feeding rates of detritivores decrease with drought and warming (Thakur et al., 2018). In 
our experiment, land-use intensification reduced energy fluxes from detritus to detritivores. 
Hence, decomposition of dead organic material should be largely reduced due to fewer 
organisms carrying out this function. Furthermore, soil microbial activity and decomposition 
rates by soil arthropods have been found to decrease with climate change under 
experimental field-conditions (Siebert et al., 2019; Yin et al., 2019). The decomposition of 
dead organic matter is crucial for soil fertility and thus particularly important in agricultural 
landscapes. Arthropods are important facilitators for the microbial processes that finally lead 
to nutrient cycling (Eisenhauer, Hörsch, Moeser, & Scheu, 2010). Thus, synthesizing above- 
and belowground effects of climate change and land-use intensification on energy fluxes to 
detritivores may improve our understanding of the mechanisms driving declines in detritivory 
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Climate change and land-use intensification are two of the main drivers of biodiversity loss, 
changes in the composition of ecological communities and thus threaten the ecosystem 
processes they perform (Díaz et al., 2019). Land-use is posing direct and immediate threats to 
ecosystems through the alteration of habitats through conversion and degradation by 
decreasing habitat complexity and input of agrochemicals, such as fertilizers and pesticides 
(Foley et al., 2005). While research has highlighted the effects of recent climate change on 
ecosystems (Parmesan, 2006; Walther et al., 2002), climate change impacts are expected to 
become more pronounced in the future, by increasing the Earth’s surface temperature, 
changes of precipitation patterns and increasing frequency of extreme weather events, such 
as droughts (Díaz et al., 2019; IPCC, 2014; Millennium Ecosystem Assessment, 2005; Sala et 
al., 2000). In real world ecosystems, climate change and land-use intensification will act 
simultaneously and one driver may furthermore modify the impact of the other driver (Oliver 
& Morecroft, 2014). Although the threat of simultaneously acting global change drivers on 
ecosystems has recently gained more attention (Binzer, Guill, Rall, & Brose, 2016; Ewald et 
al., 2015; Oliver & Morecroft, 2014; Rillig et al., 2019; Scherber, 2015), the vast majority of 
research has focused on isolated global change drivers on ecosystems and ecological 
communities (Newbold et al., 2015; Parmesan & Yohe, 2003; Soroye, Newbold, & Kerr, 2020; 
Walther et al., 2002). Hence, our understanding of how future climate change and land-use 
intensification will affect ecological communities interactively is limited, calling for 
integrative, experimental approaches, combining the effects of future climate change and 
land-use intensification on ecosystems (Oliver & Morecroft, 2014; Schädler et al., 2019; Titeux 
et al., 2016). Using the experimental set-up of the Global Change Experimental Facility, I 
studied the combined impacts of climate change and land-use intensity on the composition 
of arthropod communities (research chapter one). In addition, by developing length-mass 
regressions across 19 taxonomic groups and two geographical regions (research chapter two), 
I was able assess individual live body mass of arthropods from communities at the GCEF. This 
enabled me to further study functional traits and the provisioning of ecosystem processes 
under climate change scenarios and different land-use intensities in grassland ecosystems 
(research chapter three).  
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In my first research chapter, I found that combined impacts of climate change and 
land-use intensification modify the diversity and composition of aboveground arthropod 
communities. More specifically, I found that at the community level abundance and species 
richness decreased with global change impacts, providing evidence for biodiversity decline 
with climate change and land-use intensification. Community abundance decreased with both 
climate change and land-use intensification, while there was no interaction among these two 
drivers. Species richness, however, declined only with land-use intensification, revealing that 
more intensively used meadows may be prone to the loss of species. In contrast, species 
evenness was affected only by climate change. A combination of warming and altered 
precipitation led to an overall increase of evenness at the community level, through 
decreasing abundance of the dominant species. The response of species richness and 
evenness indicate, that reduced abundance as a consequence of land-use intensification may 
lead to the loss of rare species, while climate change may be particularly detrimental for the 
species dominating the community in regards to abundance. Dominant species, however, 
play a crucial role for ecosystem functioning (Hillebrand, Bennett, & Cadotte, 2008). The 
insurance hypothesis provides an explanation of how species richness may drive ecosystem 
functioning. The insurance hypothesis suggests that higher species diversity decreases the 
probability of the loss of a function through the loss of a species in fluctuating environments 
(Yachi & Loreau, 1999). However, there is evidence, that species occurring in the same habitat 
likely respond similarly to environmental change, in particular if they share a resource, 
indicating that the insurance hypothesis sometimes may not be a suitable predictor of 
network stability (Valone & Barber, 2008). Dominance has been suggested to be a particularly 
important factor driving ecosystem functioning, as the contributions of abundant species 
tend to determine the provisioning of ecosystem processes (Winfree, Fox, Williams, Reilly, & 
Cariveau, 2015). Furthermore, Winfree and colleagues (2015) demonstrated that the 
abundance of few common species drive ecosystem processes, while rare species contributed 
only little to ecosystem functioning, providing insight into potential consequences of 
increasing evenness with climate change. Altogether, reduced abundance and species 
richness in combination with increasing evenness as a consequence of multiple global change 
drivers indicate strong consequences of climate change and land-use intensification for 
ecosystem functioning.  
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I found strong overall changes of biodiversity metrics at the whole community level. 
However, responses to climate change and land-use intensification varied considerably across 
trophic groups. Results from previous warming experiments suggest, that higher trophic 
levels (i.e. predators) and larger bodied organisms may be more susceptible to climate change 
(Binzer, Guill, Brose, & Rall, 2012; Fussmann, Schwarzmüller, Brose, Jousset, & Rall, 2014; 
Petchey, McPhearson, Casey, & Morin, 1999). On the contrary, I found that herbivores and 
detritivores were particularly susceptible to climate change and land-use intensification in the 
GCEF. Predators were only affected in their abundance and omnivores remained completely 
unaffected from climate change and land-use intensification. In a grassland field experiment, 
it has been shown that bottom-up effects from plant diversity dampen with increasing trophic 
level (Scherber et al., 2010). Hence, susceptibility at the level of primary consumers indicate, 
that effects of climate change and land-use intensification may be strongly plant-mediated, 
as organisms consuming plant matter were most strongly affected (de Sassi, Lewis, & 
Tylianakis, 2012; Robinson, McLaughlin, Marteinsdóttir, & O’Gorman, 2018; Scheirs & De 
Bruyn, 2005; Welti, Roeder, De Beurs, Joern, & Kaspari, 2020). Lower plant species richness 
and mowing as components of land-use intensification are expected to be particularly 
detrimental for leaf-dwelling arthropods (Humbert, Ghazoul, Sauter, & Walter, 2010; Schuldt 
et al., 2019). Furthermore, drought affects the nutrient content of plants and may additionally 
decrease digestibility of dead organic matter (Huberty & Denno, 2004; Thakur et al., 2018), 
which may have strong impacts on consumers of plant resources (Franzke & Reinhold, 2011). 
Herbivores, however, play a vital role in ecological communities and the underlying food 
webs, as they link the energy from primary producers to higher trophic levels. These findings  
thus indicate that the amount of energy entering the food web through primary consumers 
should be largely reduced due to global change. Furthermore, altered feeding interactions 
between plants and herbivores can lead to bottom-up trophic cascades, shifting ecological 
networks in the future (Kagata & Ohgushi, 2006; Scherber et al., 2010; Siemann, 1998).  
Overall, I found that climate change and land-use intensification strongly modified 
species composition at the community level and at the level of trophic groups. Such drastic 
changes in abundance, species richness, evenness and overall community composition can 
lead to altered provisioning of ecosystem processes associated with arthropod communities 
(Eisenhauer et al., 2019). Furthermore, changing community composition is expected to 
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affect trophic interactions and trophic networks and may thus destabilize food webs, due to 
the removal of important interactors stabilizing the food web (O’Gorman & Emmerson, 2009). 
In my third research chapter, I investigated how the underlying structural components that 
drive ecosystem processes and food-web stability respond to climate change and land-use 
intensification. Specifically, I studied the response of mean body mass, community biomass 
and community metabolism of the whole community and of four trophic groups. In ecological 
research, body mass has been addressed as one of the most fundamental functional traits, 
determining a large range of biological characteristics (Peters, 1983). However, 
simultaneously, individual body mass responds to changing environmental conditions (Chown 
& Gaston, 2010). Several studies indicate that warming favours smaller bodied organisms, 
resulting in lower mean body size (Gardner, Peters, Kearney, Joseph, & Heinsohn, 2011; 
Sheridan & Bickford, 2011). Different mechanisms have been proposed to be responsible for 
shifts in the body-size structure, such as intraspecific reduction of body size, species turnover 
to species of smaller body size or changes in community age-structure (Daufresne, 
Lengfellner, & Sommer, 2009; Ohlberger, 2013). Additionally, mowing as a common land-use 
practice may select for smaller bodied organisms, due to shorter developmental stages 
(Simons, Weisser, & Gossner, 2016). Using average body mass or average body length for a 
species of my samples would neglect the intraspecific variability in body size, which may be a 
consequence of different environmental conditions at the GCEF. Hence, acquiring reliable 
individual body mass data of target organisms is paramount in the context of global c hange 
research to capture the impacts of environmental conditions on individual body size. In my 
second research chapter, I provide a comprehensive set of length-mass regression 
parameters to predict live body mass of arthropods. By including geographic origin, 
taxonomic group and body width as an additional morphological predictor, these length-mass 
regressions enable high prediction accuracy of live body mass (Sohlström et al., 2018). Using 
these regressions, I was able to estimate individual live body mass of arthropods, originating 
from plots exposed to different climatic scenarios and land-use treatments. This was crucial 
to capture the responses of body size and related measures, such as metabolic rates, of 
arthropods exposed to changing environmental conditions.  
Metabolic rates scale with body-size and environmental temperature, thus these two 
factors are important drivers of the energetic demand of organisms. Furthermore, the 
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production and maintenance of biomass requires a certain amount of energy, with increasing 
biomass demanding increasing input of energy (Brown, Gillooly, Allen, Savage, & West, 2004). 
Hence, climate warming directly, as well as global change driven alterations in the body-size 
structure and biomass of trophic groups are expected to alter the energetic structure of the 
whole food web, which determines ecosystem functioning and food-web stability (Barnes et 
al., 2014; Brose et al., 2012; Sheridan & Bickford, 2011).  
In line with the results of my first research chapter, I found that ecosystem processes, 
which are carried out by detritivores and herbivores are particularly susceptible to climate 
change and land-use intensification. This raises concerns of potential bottom-up cascading 
effects in the food webs, as herbivores and detritivores transfer energy from the primary 
producers to higher trophic levels (Scherber et al., 2010). Furthermore, the breakdown of 
dead organic matter performed by arthropods is crucial for the nutrient dynamics in soils 
(Eisenhauer, Hörsch, Moeser, & Scheu, 2010). I found strong changes in the body-size 
structure, biomass, the overall metabolic demand within trophic groups, and additionally, in 
my first chapter I found strong impacts of climate change and land-use intensification on 
community composition, indicating changes in ecosystem processes. However, despite these 
changes, I found no change of total energy fluxes going through the food-web, indicating that 
total ecosystem processes remained stable. Furthermore, climate change and land-use 
intensification did not destabilize food webs. These striking results indicate that global-
change driven shifts in taxonomic composition or selection for certain functional traits may 
buffer ecological communities against the impacts of combined global change stressors. 
Furthermore, communities exposed to high land-use intensity in grasslands under future 
climatic conditions may be equally resilient to perturbations compared to arthropod 
communities under current climatic conditions and low land-use intensity. Identifying the 
mechanisms preserving ecosystem functions and stability is a crucial next step to understand 
how arthropod communities respond to future environmental conditions and to mitigate 






In the future, range shifts and changes in phenology of species, to keep up with their 
physiological threshold temperatures, may become two important consequence of climate 
change affecting community composition and ecosystem functioning (Parmesan & Yohe, 
2003; Walther, 2010). Invasive species, adapted to the altered state of the environment, could 
shift community composition, by outcompeting species sharing the same resource and 
altering trophic interactions, which may have implications for food-web stability (McCann, 
Hastings, & Huxel, 1998). Furthermore, shifts in the phenology of animals and plants are likely 
to strongly affect arthropod communities in the future, due to temporal mismatches of 
consumers and resources (Parmesan, 2006; Walther et al., 2002). However, the landscape 
species pool at the GCEF is shaped by the current climatic conditions and the surrounding 
habitats. High plant species richness and complex habitat structure under both, current and 
future climatic conditions, make the low-intensity grasslands a valuable habitat promoting 
arthropod diversity (Habel et al., 2013). As a consequence, the low-intensity grasslands may 
serve as a refuge for arthropods from the surrounding landscape. In contrast, the effects of 
future climate change have not yet impacted the surrounding species pool. As a consequence, 
the communities are assembled by species that are adapted to the current climatic 
conditions. In general, organisms from the temperate region have higher tolerance to 
warming (Dillon, Wang, & Huey, 2010). Temperate arthropods are thus likely to be more 
robust to warming. Increasing temperatures may even lead to higher growth rates, thus 
increasing fitness of temperate arthropods, as temperature may shift closer to their thermal 
optimum (Deutsch et al., 2008). The experimental set-up of the Global Change Experimental 
Facility controls for species entering the communities through range shifts, as invasive species 
are able to colonize all land-use and climate systems. However, the GCEF is not designed to 
specifically test for these effects and rather acts as an environmental filter for the species 
pool of the surrounding environment, which is influenced by the current climatic conditions. 
In general, feedback mechanisms may be offset through the diversity of habitats at the GCEF. 
Local declines in abundance and species richness as a consequence of land-use intensification 
and climate change may be compensated through the low-intensity grasslands, providing 





The findings of this thesis provide novel insights into the complex responses of arthropod 
communities to combined multiple global change drivers. Future climate change and land-
use intensification simultaneously affected the composition of arthropod communities by 
altering abundance, species richness, evenness and biomass. However, climate change may 
modify the effects of land-use intensification in the future, for example, by increasing 
tolerance to eutrophication (Binzer et al., 2016). In my experiments, however, I could not 
identify interactive effects between climate change and land-use intensification on arthropod 
communities. Microevolutionary responses of arthropods to environmental change may only 
happen at longer time scales (Norberg, Urban, Vellend, Klausmeier, & Loeuille, 2012). Thus, 
expanding the sampling period is necessary to improve our understanding of future impacts 
of climate change and land-use intensity on arthropod communities. This would furthermore 
enable to investigate potential changes in arthropod communities linked to seasonal variation 
in future precipitation patterns in combination with rising temperatures, as summer droughts 
have been found to lead to insect outbreaks in spring, thus climate change shifting insect 
phenology (Torode et al., 2016).  
Using a food-web energetics approach to determine the effects of climate change and 
land-use, I found that ecosystem processes and food webs remained stable under a future 
climate scenario and land-use intensification, despite effects of climate change and land-use 
intensity on the structure of arthropod communities. This indicates that there are 
mechanisms, which preserve ecosystem functioning and food-web stability, despite changes 
in community structure as a consequence of climate change and land-use intensification. 
Analysing additional functional traits may reveal such mechanisms. Specifically, incorporating 
data on mobility at the species level may aid understanding the mechanisms preserving food-
web stability. Mobile species, that disperse across plots and thus connect food webs from 
different habitats, may preserve ecosystem functioning (Chase, Jeliazkov, Ladouceur, & Viana, 
2020). There is furthermore evidence that plant nutrient content is changing with climate 
change, with higher nutrient content in drought stressed plants, but availability of these 
nutrients varies depending on herbivore feeding type (Huberty & Denno, 2004). This 
illuminates further important pathways, which may drive responses of arthropod 
communities to changing environmental conditions. Synthesizing responses in the plant 
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community and responses of arthropods, could elucidate plant mediated impacts of global 
change on arthropod communities, driven through changes in nutrient content in plants 
(Welti et al., 2020). Furthermore, the distribution of feeding modes within trophic levels may 
drive the response of arthropod communities to climate change. It has been shown that the 
performance of herbivores to climate change varies across different feeding types, with 
strong plant-mediated negative effects of climate change on sap-feeders and variability in 
responses in chewing herbivores, and additionally, specialisation of herbivores may drive the 
response to climate change (Huberty & Denno, 2004; Lenhart, Eubanks, & Behmer, 2015). 
Moreover, to understand the mechanisms driving the observed climate change effects on 
arthropods, it is necessary to disentangle the different effects of warming and precipitation. 
Impacts of reduced water availability in summer and increased water availability in spring and 
autumn may vary under different temperature regimes, as plant defense, nutrient content 
and nutrient availability vary under different environmental conditions (Jamieson, 
Trowbridge, Raffa, & Lindroth, 2012). 
Finally, the results of my project show that impacts of climate change and land-use 
intensification vary substantially across trophic levels, with particularly strong impacts of 
climate change and land-use intensification on herbivores and detritivores and the ecosystem 
processes associated with these functional groups. It has been shown that changes in 
aboveground communities affect the structure of belowground communities (Wardle, 
Williamson, Yeates, & Bonner, 2005). Moreover, the interactions between aboveground and 
belowground organisms have been found to change with changing climatic conditions 
(Stevnbak et al., 2012). As a next step towards understanding how aboveground responses 
may affect soil food-webs, synthesizing aboveground and belowground community responses 
to combined impacts of climate change and land-use intensification is crucial to understand 
how these complex networks interact with each other. Furthermore, understanding how 
these food webs contribute to the provisioning of ecosystem processes is a crucial step 







In light of unprecedented loss of biodiversity as a consequence of human activity, it is crucial 
to understand the interactive effects of multiple global change drivers on ecological 
communities and the processes associated with them. Using a field experimental approach 
that combines the impacts of future climate change and land-use intensification in grassland 
ecosystems, I demonstrated strong compositional changes of aboveground arthropod 
communities, driven by changes in abundance, species richness and evenness in multi-taxa 
communities comprising multiple trophic groups. I furthermore demonstrated that the 
response to global change drivers varies substantially across trophic levels, with strong effects 
on detritivores and on herbivores, which was further supported by declining detritivory and 
herbivory under changing environmental conditions. However, multitrophic ecosystem 
functioning at the community level and the stability of the underlying food webs remained 
robust under climate change and land-use intensification, despite changes in community 
structure and reduced herbivory and detritivory. The energetic structure of the whole 
community may thus be preserved through compositional changes in the arthropod 
communities. Altogether, this thesis provides novel insights to the responses of arthropod 
communities to combined impacts of future climate change and land-use intensification, 
which is crucial for understanding how arthropod diversity in agricultural landscapes may be 
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Research Chapter 1  
Future climate and land-use intensification modify arthropod communities 
Esra H. Sohlström, Ulrich Brose, Roel van Klink, Björn C. Rall, Benjamin Rosenbaum, Martin 
Schädler & Andrew D. Barnes  
 
Table S1: Abundance (Abu.) and species richness (SR) of predators, herbivores, 
omnivores and detritivores across five taxonomic groups. 
Araneae     
Family Predator Herbivore Omnivore Detritivore 
 Abu. SR Abu. SR Abu. SR Abu. SR 
Araneidae 4 42 - - - - - - 
Dictynidae 1 7 - - - - - - 
Gnaphosidae NA  16 - - - - - - 
Hahniidae 1 1 - - - - - - 
Linyphiidae 17 68
1 
- - - - - - 
Lycosidae 5 84 - - - - - - 
Philodromidae 1 2 - - - - - - 
Phrurolithidae 1 1 - - - - - - 
Pisauridae 1 1   - - - - 
Salticidae 1 2 - - - - - - 
Tetragnathidae 2 68 - - - - - - 
Theridiidae 3 37 - - - - - - 
Thomisidae 
 
4 92 - - - - - - 
Auchenorrhyncha 
Family Predator  Herbivore  Omnivore  Detritivore  
 Abu. SR Abu. SR Abu. SR Abu. SR 
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Aphrophoridae - - 1 1 - - - - 
Cicadellidae - - 1994 18 - - - - 
Delphacidae - - 596 7 - - - - 
Coleoptera 
Family Predator  Herbivore  Omnivore  Detritivore  
 Abu. SR Abu. SR Abu. SR Abu. SR 
Anobiidae - - 1 1 - - - - 
Anthicidae - - 1 1 - - - - 
Apionidae - - 189 15 - - - - 
Carabidae 133 12   9 9 - - 
Chrysomelidae - - 249 18 - - - - 
Coccinellidae 14 4 - - - - 3 3 
Corylophidae - - - - - - 50 1 
Cryptophagidae - - - - - - 96 6 
Curculionidae - - 361 25 - - - - 
Dermestidae - - - - - - 1 1 
Elateridae 1 1 8 1 - - - - 
Hydrophilidae - - - - 1 1 - - 
Latridiidae - - - - - - 216 5 
Leiodidae - - - - - - 2 2 
Malachiidae - - 1 1 - - - - 
Mordellidae - - 9 4 - - - - 
Nitiduidae - - 137 4 - - - - 
Oedemeridae - - 1 1 - - - - 
Phalacridae - - 15 4 - - - - 
Scarabaeidae - - - - - - 1 1 
Staphylinidae 235 19 - - 404 11 - - 
Throscidae 
 
- - 1 1 - - - - 
Diptera  
Family Predator  Herbivore  Omnivore  Detritivore  
 Abu. SR Abu. SR Abu. SR Abu. SR 
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Agromyzidae - - 12 6 - - - - 
Anthomyiidae - - 8 4 - - -  
Anthomyzidae - - 80 2 - - - - 
Biobionidae - - 1 1 - - - - 
Calliphoridae - - 2 1 - - - - 
Camillidae - - 4 1 - - - - 
Cecidomyiidae - - 240 NA - - - - 
Ceratopogonidae - - 2 NA - - - - 
Chaoboridae - - 1 1 - - - - 
Chironomidae - - 97 NA -  - - 
Chloropidae -  390 21 - - - - 
Conopidae -  1 1 - - - - 
Dolichopodidae 7 1 8 2 - - - - 
Drosophilidae - - - - 9 1 - - 
Empididae - - - - 11 1 - - 
Ephydridae - - 46 5 - - - - 
Hybotidae 6 4 - - 1  - - 
Keroplatidae - - 21 2   - - 
Limoniidae - - 1 1   - - 
Lonchopterdiae - - 26 2   - - 
Opomyzidae - - 12 3   - - 
Phoridae 2 1 - - 39 3 - - 
Rhinophoridae 1 1 - - - - - - 
Sarcophagidae - - 2 1 - - - - 
Sciaridae - - - - - - 135 NA 
Sepsidae - - 5 2 - - - - 
Sphaeroceridae - - - - - - 221 6 
Syrphidae - - 8 3 - - - - 
Tachinidae - - 1 1 - - - - 
Tephritidae 
 
- - 2 2 - - - - 
Hymenoptera 
Family Predator  Herbivore  Omnivore  Detritivore  
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 Abu. SR Abu. SR Abu. SR Abu. SR 
Aphelinidae 18 NA - - - - - - 
Apidae -  3 2 - - - - 
Bethylidae 2 NA - - - - - - 
Braconidae 62 NA - - 39 NA - - 
Ceraphronidae 277 NA - - - - - - 
Cynipidae - - 8 NA - - - - 
Diapriidae 109 NA - - - - - - 
Dryinidae 1 NA - - - - - - 
Encyrtidae 28 NA - - - - - - 
Eucoliidae 4 NA - - - - - - 
Eulophidae 172 NA - - - - - - 
Eupelmidae 2 NA - - - - - - 
Eurytomidae 1 NA - - 10 NA - - 
Formicidae - - - - 1181 NA  - - 
Ichneumonidae 51 NA   - - - - 
Megaspilidae 7 NA - - - - - - 
Myrmaridae 211 NA - - - - - - 
Ormyridae 1 NA - - - - - - 
Platygastridae 43 NA  - - - - - - 
Pteromalidae 155 NA - - - - - - 
Scelionidae 164 NA  - - - - - - 
Sphecidae 2 2 - - - - - - 
Tenthredinidae - - 6 NA - - - - 
Torymidae 4 NA - - - - - - 
Trichogrammatid
ae 





Table S2: Estimates, Standard Error and p-values of the general linear models with 
abundance of the four trophic groups as response variables and climate treatment 
(“Current” vs. “Future”), land-use (LU) treatment (low intensity managed grassland vs. 
high intensity managed grassland) and their interaction as predictors. Results are 
shown from the additive model (Climate + LU), the nested model (Climate / LU), and 




Table S3: Estimates, Standard Error and p-values of the general linear models with 
species richness of the four trophic groups as response variables and climate 
treatment (“Current” vs. “Future”), land-use (LU) treatment (low intensity managed 
grassland vs. high intensity managed grassland) and their interaction as predictors. 
Results are shown from the additive model (Climate + LU), the nested model (Climate 











Table S4: Estimates, Standard Error and p-values of the linear models with evenness 
of the four trophic groups as response variables and climate treatment (“Current” vs. 
“Future”), land-use (LU) treatment (low intensity managed grassland vs. high intensity 
managed grassland) and their interaction as predictors. Results are shown from the 
additive model (Climate + LU), the nested model (Climate / LU), and the interactive 







Figure S1: Expected species richness calculated using the jackknife 2 -estimator in 







Figure S2: Rank Abundance curve of the entire community under different climatic 
conditions. Panel A shows the rank-abundance of species under current climatic 

















Research Chapter 2  
Applying generalised allometric regressions to predict live body mass of tropical and 
temperate arthropods 
Esra H. Sohlström, Lucas Marian, Andrew D. Barnes, Noor F. Haneda, Stefan Scheu, Björn C. Rall, Ulrich 
Brose and Malte Jochum 
 
Table S1: Regression parameters for four linear models for live body mass prediction in dependence 
of body length (L, in mm), maximum body width (W, in mm), group (T) (classified by taxonomy, 
behaviour or morphology) and geographic region (R, temperate and tropical). 






Model 1: Length-Width-Group-Geographic region-Zone (LWTR) 
Araneae  
(webbuilding) 


























































































































































































































































































































































































































































































































































































































tropical -1.093 2.163 - 
Julida 
 









Model 6: Length-Group (LT) 
Araneae  
(webbuilding) 







































































- -1.751 2.562 - 
Regression equations for the eight models:  
Model 1 (LWTR): log10(body mass) = ataxon region + blength taxon region × log10(body length) + bwidth taxon region × 
log10(body width) 
Model 2 (LWT): log10(body mass) = ataxon + blength taxon × log10(body length) + bwidth taxon × log10(body width) 
Model 5 (LTR): log10(body mass) = ataxon region + btaxon region × log10(body length)   
Model 6 (LT): log10(body mass) = ataxon + btaxon × log10(body length)   
HYMENOPTERA 1 INCLUDES THE FOLLOWING FAMILIES FORMICIDAE, DRYINIDAE, MUTTILIDAE, EMBOLEMIDAE 
HYMENOPTERA 2 INCLUDES THE FOLLOWING FAMILIES: APIDAE, COLLETIDAE, MEGACHILIDAE, PAMPHILIDAE, SCOLIIDAE, 
SPHECIDAE, TENTHREDINIDAE, VESPIDAE 
Hymenoptera 3 includes the following families: Ceraphronidae, Chalcididae, Diapriidae, Eulophidae, 
Eupelmidae, Eurytomidae, Evaniidae, Perilampidae, Proctotrupidae, Proctotrupidae, Scelionidae 
HYMENOPTERA 4 INCLUDES THE FAMILY ICHNEUMONIDAE 





Prediction discrepancy – methodology and patterns in presented results  
We calculated body mass prediction discrepancy of using geographically disjunct and non-disjunct 
regression parameters for all temperate and tropical body lengths from our study using two different 
models. This procedure resulted in the eight lines (temperate and tropical body lengths, temperate and 
tropical regressions, 2 models) presented in Fig. 2. Thus, for example the prediction discrepancy for 
temperate body masses using temperate body lengths with tropical regression parameters 
(geographically disjunct) is presented by the dashed lines in Fig. 2a and c. We calculated prediction 
discrepancy as: 




where Δ is the prediction discrepancy of body mass, mpred is the predicted body mass using length-mass 
regressions and mobs is observed body mass. 
 
Figure S1: Relationship between body length and body mass for all temperate (blue lines) and tropical 
(red lines) arthropods in our study. Panel A shows that, at a given body length lx, temperate animals in 
our study were on average heavier than tropical animals. Furthermore, it shows differences in slope 
(higher for temperate animals) resulting in increasing differences between temperate and tropical body 
mass along the body-length gradient (at l1, differences between temperate and tropical body mass d1 is 
smaller than at the higher body length l2). Vertical dotted lines in panel B illustrate differences between 
observed body masses (example points) and predicted body masses (regression lines) calculated using 
temperate and tropical disjunct and non-disjunct regression parameters for given body lengths of four 
example data points (A and B temperate arthropods, C and D tropical arthropods). The vertical distance 
from data points to disjunct and non-disjunct regression lines (lines representing body-mass prediction 
for given body lengths using disjunct and non-disjunct regression parameters) illustrates why for 





In our study, temperate body masses were on average higher than tropical masses at a given body length 
(Fig. S1 A). The temperate regression for model LR has slope 2.191, while the tropical regression has 
slope 2.159 (Table 3). This also means that, on average, the difference between temperate and tropical 
body masses for a given body length increases with body length (d1 and d2). The near-zero discrepancy 
of non-disjunct predictions is a result of dividing e.g. predicted body mass for temperate organisms by 
the observed body mass. As these observed body masses were used to obtain the temperate regression 
parameters (presented in Table 3) for calculating the predicted values, the resulting ratios of mpred and 
mobs will be near 1 (small deviations from 1 caused by the residuals, the vertical distance between data 
points and regression lines, see mobsA and mpredA in Fig. S1 B), resulting in a prediction discrepancy 
close to log10(1)=0. When building this ratio for observed body masses and body masses predicted by 
geographically disjunct regression parameters (examples B and D in Fig. S1 B), these ratios will more 
strongly differ from 1 and thus prediction discrepancy will also be higher. 
Symmetrical patterns in Fig. 2 panel a/b and c/d are caused by the fact that we employ the temperate 
and tropical data that was used to obtain the regression parameters in the first place for testing the 
prediction discrepancy. As can be seen in Fig. S1, our datasets of temperate and tropical animals give 
rise to a difference in slope and higher average body masses for temperate than tropical animals (for a 
given body length). Consequently, using this temperate regression for these tropical body masses will 
result in the same magnitude of over-estimation as using the tropical regressions on temperate data 
results in an under-estimation. The pattern is slightly more complex for the LWR model simply because 
this also included body width, but the reason for the symmetry is the same as in the LR model. While 
this symmetrical pattern is indeed caused by using the same dataset for obtaining the results and testing 
prediction discrepancy, it does not indicate a methodological issue.  
We do not suggest that other studies using geographically disjunct regression parameters will be 
confronted with exactly these levels of body mass over- or underestimation. All we intend to 
demonstrate by testing this prediction discrepancy and showing it in Fig. 2 is that using disjunct 
regression parameters can result in over- or underestimation of body masses and give an example of the 
extent of prediction discrepancy using our own data. The presented level of prediction discrepancy is 
specific to our dataset and will vary with the dataset and regression used. 
 
Introduction 
Here, we will provide straight-forward examples of how to get from individual-level data on 
body length (mm), body width (mm), taxonomic group and geographic region (temperate or 
tropical) to individual fresh body mass (mg) using the eight different models from the analysis 
and data presented in the main text. 
134 
 
We will use the original data to calculate body masses with the eight models. For every model, we will thus 
subset the overall data set as if we just had a reduced level of information (e.g., data on just length of tropical 
spiders). 
 
Step 1: General setup and loading data 
First, set the working directory and load the data file. 
rm(list=ls()) 
     
# Set to your local folder 
setwd("...") 
 
# Read the individual-level data 
idata <- read.csv("Sohlstroem_individual_data.csv", sep =",") 
 
# See what we got 
str(idata) 
 
Step 2: Predict body mass based on eight different models 
Model 1 (LWTR) 
This model calculates body mass based on body length (L), body width (W), taxonomic group 
(T) and geographic region (R) based on the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑇𝑅+𝑠𝑙𝑜𝑝𝑒𝐿𝑇𝑅∗𝑙𝑜𝑔10(𝐿)+𝑠𝑙𝑜𝑝𝑒𝑊𝑇𝑅∗𝑙𝑜𝑔10(𝑊) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to tropical spiders with length (mm) and width (mm) measured. Subsequently, we 
calculate fresh body mass (mg) using model LWTR and parameters derived from Table 3 in 
the main text. 
# Subset to tropical spiders:  
LWTRdata <- idata[idata$zone=="tropic" & idata$order=="araneae", 
                  c("zone","length","max_width","order")] 
 




Model 2: (LWT) 
This model calculates body mass based on body length (L), body width (W) and taxonomic 
group (T) based on the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑇+𝑠𝑙𝑜𝑝𝑒𝐿𝑇∗𝑙𝑜𝑔10(𝐿)+𝑠𝑙𝑜𝑝𝑒𝑊𝑇∗𝑙𝑜𝑔10(𝑊) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to temperate and tropical spiders with length (mm) and width (mm) measured. 
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Subsequently, we calculate fresh body mass (mg) using model LWT and parameters derived 
from Table 3 in the main text. 
# Subset to temperate and tropical (all) spiders:  
LWTdata <- idata[idata$order=="araneae", 
                 c("zone","length","max_width","order")] 
 




Model 3: (LWR) 
This model calculates body mass based on body length (L), body width (W) and geographic 
region (R) based on the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑅+𝑠𝑙𝑜𝑝𝑒𝐿𝑅∗𝑙𝑜𝑔10(𝐿)+𝑠𝑙𝑜𝑝𝑒𝑊𝑅∗𝑙𝑜𝑔10(𝑊) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to various tropical arthropods with length (mm) and width (mm) measured. 
Subsequently, we calculate fresh body mass (mg) using model LWR and parameters derived 
from Table 3 in the main text. 








Model 4: (LW) 
This model calculates body mass based on just body length (L) and body width (W) based on 
the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡+𝑠𝑙𝑜𝑝𝑒𝐿∗𝑙𝑜𝑔10(𝐿)+𝑠𝑙𝑜𝑝𝑒𝑊∗𝑙𝑜𝑔10(𝑊) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to various arthropods from temperate and tropical regions with length (mm) and width 
(mm) measured. Subsequently, we calculate fresh body mass (mg) using model LW and 
parameters derived from Table 3 in the main text. 
# Subset to all temperate and tropical arthropods:  
LWdata <- idata[,c("zone","length","max_width","order")] 
 






Model 5: (LTR) 
This model calculates body mass based on body length (L), taxonomic group (T) and 
geographic region (R) based on the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑇𝑅+𝑠𝑙𝑜𝑝𝑒𝐿𝑇𝑅∗𝑙𝑜𝑔10(𝐿) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to tropical spiders with just length (mm) measured. Subsequently, we calculate fresh 
body mass (mg) using model LTR and parameters derived from Table 3 in the main text.  
# Subset to tropical spiders:  
LTRdata <- idata[idata$zone=="tropic" & 
idata$order=="araneae",c("zone","length","order")] 
 
# Calculate fresh body mass: 
Bodymass.LTR = 10^(-0.862+2.611*log10(LTRdata$length)) 
 
Model 6: (LT) 
This model calculates body mass based on just body length (L) and taxonomic group (T) 
based on the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑇+𝑠𝑙𝑜𝑝𝑒𝐿𝑇∗𝑙𝑜𝑔10(𝐿) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to spiders from temperate and tropical regions with just length (mm) measured. 
Subsequently, we calculate fresh body mass (mg) using model LT and parameters derived 
from Table 3 in the main text. 
# Subset to temperate and tropical spiders:  
LTdata <- idata[idata$order=="araneae",c("zone","length","order")] 
 
# Calculate fresh body mass: 
Bodymass.LT = 10^(-0.830+2.637*log10(LTdata$length)) 
 
Model 7: (LR) 
This model calculates body mass based on just body length (L) and geographic region (R) 
based on the following formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑅+𝑠𝑙𝑜𝑝𝑒𝐿𝑅∗𝑙𝑜𝑔10(𝐿) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to various tropical arthropods with just length (mm) measured. Subsequently, we 
calculate fresh body mass (mg) using model LR and parameters derived from Table 3 in the 
main text. 
# Subset to all tropical arthropods:  




# Calculate fresh body mass: 
Bodymass.LR = 10^(-0.826+2.159*log10(LRdata$length)) 
 
Model 8: (L) 
This model calculates body mass based on just body length (L) based on the following 
formula: 
𝐵𝑜𝑑𝑦𝑚𝑎𝑠𝑠 = 10𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡+𝑠𝑙𝑜𝑝𝑒𝐿∗𝑙𝑜𝑔10(𝐿) 
To simulate a dataset suitable for using this model, we constrain our original individual-level 
dataset to various arthropods from temperate and tropical regions with just length (mm) 
measured. Subsequently, we calculate fresh body mass (mg) using model L and parameters 
derived from Table 3 in the main text. 
# Subset to all temperate and tropical arthropods:  
Ldata <- idata[,c("zone","length","order")] 
 
# Calculate fresh body mass: 
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Table S1: Arthropod families with ascribed trophic groups and corresponding trophic 
level and number of individuals in the dataset.  
Trophic group Family Trophic level Number of 
individuals 
Detri.beetles Coccinellidae Detritivore 1 
Detri.beetles Corylophidae Detritivore 19 
Detri.beetles Cryptophagidae Detritivore 1 
Detri.beetles Latridiidae Detritivore 96 
Detri.beetles Leiodidae Detritivore 1 
Detri.Diptera Phoridae Detritivore 17 
Detri.Diptera Sciaridae Detritivore 55 
Detri.Diptera Sphaeroceridae Detritivore 89 
Detri.herb.diptera Drosophilidae Omnivore 9 
Detri.Pred.beetles Staphylinidae Omnivore 127 
Herb.aphids Aphididae Herbivore 376 
Herb.beetles Anthicidae Herbivore 1 
Herb.beetles Apionidae Herbivore 90 
Herb.beetles Chrysomelidae Herbivore 105 
Herb.beetles Curculiondae Herbivore 180 
Herb.beetles Elateridae Herbivore 1 
Herb.beetles Malachiidae Herbivore 1 
Herb.beetles Mordellidae Herbivore 5 
Herb.beetles Nitidulidae Herbivore 5 
Herb.beetles Phalacridae Herbivore 2 
Herb.beetles Throscidae Herbivore 1 
Herb.diptera Agromyzidae Herbivore 4 
Herb.diptera Anthomyiidae Herbivore 3 
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Herb.diptera Anthomyzidae Herbivore 46 
Herb.diptera Biobionidae Herbivore 1 
Herb.diptera Cecidomyiidae Herbivore 141 
Herb.diptera Ceratopogonidae Herbivore 2 
Herb.diptera Chironomidae Herbivore 79 
Herb.diptera Chloropidae Herbivore 173 
Herb.diptera Conopidae Herbivore 1 
Herb.diptera Dolichopodidae Herbivore 5 
Herb.diptera Ephydridae Herbivore 18 
Herb.diptera Keroplatidae Herbivore 1 
Herb.diptera Limoniidae Herbivore 1 
Herb.diptera Lonchopteridae Herbivore 12 
Herb.diptera Opomyzidae Herbivore 9 
Herb.diptera Sarcophagidae Herbivore 2 
Herb.diptera Syrphidae Herbivore 5 
Herb.diptera Tachinidae Herbivore 1 
Herb.diptera Tephritidae Herbivore 2 
Herb.hemiptera Cicadellidae Herbivore 580 
Herb.hemiptera Delphacidae Herbivore 331 
Herb.heteroptera Lygaeidae Herbivore 1 
Herb.heteroptera Miridae Herbivore 33 
Herb.heteroptera Pentatomidae Herbivore 2 
Herb.heteroptera Tingidae Herbivore 3 
Herb.hymenoptera Apidae Herbivore 2 
Herb.hymenoptera Cynipidae Herbivore 5 
Herb.hymenoptera Tenthredinidae Herbivore 1 
Detri.isopod Trachypodidae Detritivore 3 
Detri.isopod Armadellidae Detritivore 3 
Herb.lepidoptera NA Herbivore 5 
Hetri.millipedes Julidae Detritivore 1 
Herb.orthoptera Caelifera Herbivore 7 
Herb.pred.beetles Carabidae Omnivore 2 
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Herb.pred.earwigs Forficulidae Omnivore 8 
Herb.pred.hymenoptera Braconidae Omnivore 42 
Herb.pred.hymenoptera Eurytomidae Omnivore 2 
Herb.thysanoptera NA Herbivore 468 
Omni.hymenoptera Formicidae Omnivore 174 
Pred.beetles Carabidae Predator 24 
Pred.beetles Coccinellidae Predator 6 
Pred.beetles Staphylinidae Predator 160 
Pred.centipedes Lithobiidae Predator 1 
Pred.diptera Dolichopodidae Predator 9 
Pred.diptera Hybotidae Predator 3 
Pred.diptera Phoridae Predator 1 
Pred.diptera Rhinophoridae Predator 1 
Pred.heteropta Nabidae Predator 11 
Pred.hymenoptera Aphelinidae Predator 10 
Pred.hymenoptera Bethylidae Predator 1 
Pred.hymenoptera Ceraphronidae Predator 102 
Pred.hymenoptera Diapriidae Predator 34 
Pred.hymenoptera Dryinidae Predator 1 
Pred.hymenoptera Encyrtidae Predator 9 
Pred.hymenoptera Eucoliidae Predator 3 
Pred.hymenoptera Eulophidae Predator 121 
Pred.hymenoptera Ichneumonidae Predator 23 
Pred.hymenoptera Megaspilidae Predator 3 
Pred.hymenoptera Mymaridae Predator 136 
Pred.hymenoptera Ormyridae Predator 1 
Pred.hymenoptera Platygastridae Predator 26 
Pred.hymenoptera Pteromalidae Predator 79 
Pred.hymenoptera Scelionidae Predator 66 
Pred.hymenoptera Sphecidae Predator 2 
Pred.hymenoptera Torymidae Predator 1 
Pred.hymenoptera Trichogrammatidae Predator 2 
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Pred.hymenoptera Vespidae Predator 1 
Pred.spiders NA Predator 3 
Pred.spiders Araneae Predator 20 
Pred.spiders Gnaphosidae Predator 11 
Pred.spiders Linyphiidae Predator 381 
Pred.spiders Lycosidae Predator 34 
Pred.spiders Philodromidae Predator 1 
Pred.spiders Tetragnathidae Predator 35 
Pred.spiders Theridiidae Predator 17 





Table S2: Equations to calculate live body mass based on morphological data of 
arthropods collected at the GCEF with corresponding orders and families included in 
each calculation (from Sohlström et al., 2018). 
Order Family Model for Body Mass Calculation 
Araneae All 𝑀 = 10−0.281+1.368∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.48∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Chilopoda All 𝑀 = 10−0.549+1.416∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.543∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Coleoptera All 𝑀 = 10−0.286+0.84∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.954∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Dermaptera All 𝑀 = 10−0.369+1.18∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.58∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Diptera All 𝑀 = 10−0.309+0.997∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.595∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 




















𝑀 = 10−1.486+3.018∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ) 
Hymenoptera 1 Dryinidae 
Formicidae  
𝑀 = 10−1.3099+2.744∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ) 




𝑀 = 10−1.117+2.743∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ) 
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𝑀 = 10−1.53+2.929∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ) 
Hymenoptera 4 Ichneumonidae 𝑀 = 10−1.197+2.379∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ) 
Hymenoptera 5 Bethylidae 
Braconidae 
𝑀 = 10−1.345+2.771∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ) 
Isopoda All 𝑀 = 10−0.453+0.898∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.756∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Lepidoptera All 𝑀 = 10−0.158+0.613∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+2.244∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Opiliones All 𝑀 = 10−0.241+1.353∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.377∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 
Orthoptera All 𝑀 = 100.136+0.823∙log10(𝑏𝑜𝑑𝑦𝑙𝑒𝑛𝑔𝑡ℎ)+1.713∙log10(𝑏𝑜𝑑𝑦𝑤𝑖𝑑𝑡ℎ) 





Table S3: Equations for calculation of metabolic rates in dependence of environmental 
temperature and taxonomic group (from Ehnes et al., 2011). 
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